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Summary 
This thesis describes the microscopic calculation of local proton-nucleus optical model 
potential within the framework of first order Brueckner theory. Using the calculated potential 
we have made extensive analysis of proton elastic scattering and polarization data from a 
wide range of targets (^^e-^°^Pb) and over a wide range of energy region (30- 200 MeV). 
Further we have studied the energy and target mass number dependence of the volume 
integrals, mean square radii, spin-orbit potential and isospin part of the calculated potential. 
We have also compared our results with empirical analysis. 
Over the past several decades, single particle optical model potential has been extensively 
applied to analyze the scattering of protons, neutrons and other strongly interacting probes by 
nuclei. In this model the complex many body interaction of projectile with the target nucleus 
is represented by a single particle complex potential. 
The nucleon optical model potential (OMP) can be determined either by the 
phenomenological analyses of the experimental data or by a more fundamental calculation 
(called microscopic calculation) starting from the nucleon-nucleon interaction. 
In the empirical models, a reasonable form of the single particle potential is assumed in terms 
of a number of free parameters. Best values of these parameters are determined by obtaining 
a least square search to obtain agreement with the experimental scattering data. Such a model 
has been very successful in establishing certain trends of the nuclear potential with target 
mass number and energy of the projectile. However, the parameters of the potential thus 
obtained show several ambiguities. 
Duiing last two decades the microscopic determination of the nucleon-nucleus optical 
potential has made much progress. The calculation techniques have been refined and 
approximations used are now well understood. As a result of this confidence the microscopic 
nuclear potential has now been extensively used to analyze a large body of experimental 
scattering data. One of the important advantages of microscopic approach is its predictive 
power as compared with the empirical potentials. However the two approaches must 
compliment each other. 
In the nuclear matter approach the essential input is the realistic inter-nucleon potential 
which is used to calculate the effective interaction (reaction matrix). The nucleon-nucleus 
optical potential is obtained by using local density approximation. Various groups have used 
different inter-nucleon potentials and prescriptions of local density approximations to 
calculate the potentials. One of the most successful of the microscopic approaches is the 
many body Brueckner theory. One of the first attempts to calculate the nuclear optical 
potential was initiated by Huffner and Mahaux and extensions of this approach to finite 
nucleus was by Brieva and Rook (BR). 
Jeukenne, Lejeimne, Mahaux (JLM) have obtained the self-consistent microscopic nucleon-
nuclear matter optical potential using Reids hard-core interaction by solving the integral 
equation. A plausible range parameter is then introduced and local density approximation 
used to obtain a local optical model potential for finite nuclei, A spin-orbit potential is added 
from outside. This potential, popularly known as JLM has been applied successfully to 
analyze a larger body of experimental data on nucleon scattering using only four 
normalization parameters. Thus in the JLM approach the spin-orbit potential is not calculated 
microscopically. In contrast Brieva and Rook developed the generalized reference spectrum 
method to calculate the radial dependent effective interaction in co-ordinate space which is 
then folded over the nucleon densities to obtain the nucleon-nucleus optical model potential. 
Although they are able to calculate both the central and spin-orbit components 
microscopically, the reference spectrum method used is not considered numerically as 
accurate as the solution of integral equation. 
Amos et al. have successfully developed a non-local microscopic optical potential. They treat 
the non-locality of the exchange central and spin-orbit parts explicitly and hence solve the 
integro-differential equation to obtain the observables of nuclcon scattering. However, since 
their potential is non-local it can not be compared with empirical potential. A slightly 
different approach has been followed recently by Arellano, Brieva and Love by including 
genuine non-localities of the effective interaction. This approach is basically an extension of 
KMT theory. Recently Arellano and Bauge have developed an alternative approach where it 
is possible to separate the medium independent part of the effective interaction. TThe medium 
dependent part is shown to be significant only in the surface region. However, these recent 
approaches are not yet fully matured. 
In the present work we have calculated local proton-nucleus optical potential using non-
relativistic first order Brueckner theory. We used the Brueckner-Gamme! method of solving 
the Bethe-Goldstone integral equation to obtain the correlated wave function which is the 
first step to calculate the effective interaction and then nucleon-nuclear matter optical 
potential in a self consistent way. As the basic input to the calculation of reaction matrix we 
have used Hamada-Johnston (hard-core) and Urbana v-14 (soft-core) intemucleon potentials. 
The potentials for finite nuclei have been obtained using the local density approximation as 
by BR. 
We present our results of the binding energy of infinite symmetric nuclear matter using both 
HJ hard core and Urbana soft core realistic interactions. We find that the first order 
Brueckner theory with the use of v-14 interaction predicts an over boimd infinite nuclear 
matter at large saturation density as compared with the empirical value, where as the use of 
HJ interaction predicts an under bound infinite nuclear matter at a saturation density closer to 
empirical one. This is a well known difficulty of first order Brueckner theory results and is 
known as Coaster band. 
Since the nucleon nucleus optical potential is energy dependent, hence we have made a 
systematic optical model analysis of proton- ^^ Si, '*°Ca, *^Ni, '°Zr, °^*Pb over a wide energy 
range from 30 to 200 MeV. We have been able to obtain reasonably satisfactory agreement 
with the differential elastic scattering and polarization data for all the targets and energies 
considered here. We note that not only the depth but the radial shape of the calculated 
potential changes substantially with increase in the energy of the projectile. We have also 
studied the systematics of volume integrals and mean square radii of the optical model 
potentials. 
We also present our results of the mass number dependence of the optical model potential. 
We have considered targets ranging from ^"^e to °^*Pb. To compare our results with the 
empirical analyses, where Saxon-Woods form factors are generally used, we present the mass 
number dependence of the volume integral of the optical potential. 
We have also investij;ated as to how proton elastic scattering data may reflect attributes of 
matter distributions, especially of the neutron distribution, as one adds more neutrons in a 
nucleus. We have analyzed the proton elastic scattering and polarization data from Sn and Zr 
isotopes using our microscopic optical potential and RMF-densities. We note that the 
fluctuations of density distribution are reflected in the predicted reaction cross-section. We 
present the Isospin dependence of volume integral and mean square radii for both Sn and Zr 
isotopes. We are able to estimate the strength of Isospin term in the nucleon optical potential 
for Sn isotopes. One of the important results is the decrease of proton spin-orbit potential 
with increase of isospin in the target. 
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(l.l)Historical Development 
One of the main aims of Nuclear Physics is to understand the properties of nuclei, 
understanding the behavior of the nuclear matter and nuclear reactions in terms of 
fundamental interaction. The nuclear reactions include a'l those process in which a nucleus 
interacts with another nucleus or an elementary particle. Over the last few decades many 
studies of nuclear reactions have been made, and a vast amount of data accumulated. What 
happens when a nucleon interacts with a nucleus is represented by a by the following figure 
as shown by P. E. Hodgson fl]-
Incident 
Proton 
(p, p) Elastic Scattering 
V (P' P) Inelastic Scattering 
^ (p, d) Pick-up 
(p. n) Charge Exchange 
It was suggested that the interaction of nucleons with nuclei could be represented by a 
complex potential and since then it has been developed into a model of considerable power 
and generality. The essential idea of the optical model is that a nucleon incident on a 
nucleus may be <:lastically scattered or it may cause a variety of different reactions. If the 
incident particle is represented by a wave, then in classical language, it may be scattered or 
it may be absorbed. In optics this is analogous to the reflection and absorption of a light 
wave by a medium of complex refractive index, and just as the imaginary part of the 
refractive index takes accoimt of the absorption of the light wave so in the nuclear case the 
imaginary part of the complex potential describing the interaction takes account of all the 
non-elastic reactions. The observation that elastically scattered nucleon are usually 
polarized implies that the optical potential is spin-dependent. 
To describe a nuclear reaction between two nuclei/nucleons with Ai and A2 as the number 
of nucleons, the Schrodinger equation has to be written down for each nucleon of the 
system and each nucleon is in a potential well created by the others (Ai+ A2 -1) nucleons. 
We obtain a system of N = A) + A2 equations which are impossible to solve numerically if 
A is bigger than few units. Thus, it is necessary to find out other methods to solve the N-
body problem. In the framework of the optical model, all the interactions between the 
nucleon (projectile) and the nucleus (target) are replaced by an average single particle 
potential V(r) between the projectile and the target in the ground states. 
It is therefore of great theoretical and practical importance to determine, as precisely as 
possible, the form of the potential V(r). Ideally, from knowledge of V(r) it should be 
possible to calculate the elastic scattering cross sections as a further development for 
composite projectiles. 
The aim of the optical model is to find a potential to describe smooth variations of the 
scattering cross section as a function of energy E and target nucleon number A. 
The study of nucleon-nucleus interaction has quite long history. As long ago as 1935, Bethe 
[2] calculated the scattering of nucleons by purely real potential and found marked 
resonances that are not observed experimentally. Levier and Saxon [3] showed that these 
are damped if the potential is allowed to become complex and that such potentials are able 
to reproduce well the differential cross-section for the elastic scattering of the medium 
energy proton by nuclei. This work was extended to neutron scattering by Feshbach, Porter 
and Weisskpof [4] who examined the total and reaction cross section for the interaction of 
the neutrons with nuclei over a wide range of energies and nuclei. Feeshbach, Porter and 
Weisskopf [4] also used a complex potential. 
The first optical potential was built for the interaction of neutrons with nuclei and later for 
the scattering of protons, alpha particles and heavy ions. The first analysis of elastic 
scattering used a square well which was later replaced by a more realistic form 
U(r) = Vf(r) + iWg(r), 
where V and W are the well depths of the real and imaginary part of the potential. The form 
factors f(r) and g(r) vary smoothly with the distance r. Moreover by analogy to the spin-
orbit potential included in the shell model to describe magic numbers, a spin orbit potential 
Vso(r) is introduced to take into account the interaction between the spin S of the nucleon 
with its orbital angular momentum ^. 
V,„(r)al^-U 
A coulomb potential Vc(r) is also added to the potential U(r) if the incident particle has a 
charge. With all these contributions, the complex potential U(r) used in the optical model 
becomes: 
U(r) -Vc(r) +V(r) +iW(r) +Vso(r) +iWso(r). 
The nucJeon optical potential can be determined either by the Phenomenological analyses 
of the experimental data or by a more fundamental calculation (called microscopic 
calculation) starting from the nucleon - nucleon interaction. However the two approaches 
should complement each other. 
In the Phenomenological determination, first a plausible form of the potential which 
contains a number of parameters is assumed, best values of these parameters are then 
determined by comparing the predictions of such a potential with the experimental data. In 
the conventional optical model phenomenology (i.e. the standard optical model [1, 5]) both 
the real and imaginary central potentials are parameterized in Woods - Saxon (two-
parameter Fermi) form. The standard spin orbit potential is taken as the conventional 
Thomas form, which involves the derivatives of a Woods - Saxon function. At low incident 
projectile energies the imaginary central potential is also taken to have derivatives of the 
Saxon-Woods radial form. In general there are about 12 free parameters to adjust in order to 
obtain agreement with the experimental data. These potentials are then inserted into the 
SchrOdinger equation. Over the last several decades the empirical optical potential, in spite 
of certain parameter ambiguities, has successfully established certain trends of the optical 
model potential, its variation with energy and target mass number. 
about 300 MeV at short distances and remains attractive in the tail region up to quite high 
incident energies. Since in the above parameterization the potential has a monotonic radial 
dependence, it is obviously either attractive everywhere or repulsive everywhere. The 
imaginary part of the central potential increases monotonically with energy. Third the real 
spin-orbit term is attractive, while the imaginary spin-orbit part is repulsive. Generally, the 
real spin-orbit potential decreases with increasing energy, while the imaginary spin-orbit 
potential grows with increasing energy, with the exception that the real spin-orbit potential 
at 500 MeV is found to be larger than at 200 MeV [5]. 
The conventional optical model phenomenology poses few problems. For instance, the root 
mean square radius of the real central potential in the intermediate energy region, exhibit a 
peculiar non monotonic behavior [5], indicating that the geometry of the real central 
potential appears to be changing quite substantially with energy. At high energies, one finds 
a root mean square radius which is considerably smaller than at lower energies, indicating 
that the range of the repulsive potential is shorter than that of the attractive potential at low 
energies. With increasing energy, the volume integral of the real spin-orbit potential, falls 
sharply and seems to have a minimum near 200 MeV before resuming it decrease beyond 
400 MeV. Similarly, the volume integral of the imaginary spin-orbit potential, peaks at 200 
MeV, decreases rapidly again and even changes sign near 400 MeV. 
The above mentioned difficulties are associated with the use of smooth Woods-Saxon 
geometry for the radial behavior of the potential over the wide energy range of a projectile. 
Various Non-Woods-Saxon form factors have been proposed. It was realized that above 
200 MeV, the interior if the nucleus, in terms of real central potential becomes repulsive 
while the tail region remains attractive (up to around 700 MeV). The success of Dirac 
phenomenology [6] indicates a non Woods-Saxon (wine-bottle-bottom) shape for the real 
central potential. Further, at higher energies one still finds a small attractive tail with a 
strongly repulsive interior for the real part of the potential .This type of potential gives 
excellent fits to the elastic scattering data specially spin-rotation data, which are greatly 
superior to any fit with standard Woods-Saxon potentials. 
Over the last few decades the microscopic theory has been developed, approximations used 
are better understood and calculation techniques refined to an extent where one is able to 
reliably calculate the nuclear optical potential starting from basic two nucleon interaction. 
One of the most successful of these approaches is called the Bethe-Brueckner theory of 
nuclear matter. This approach initiated by Bethe [2], Brueckner [7], B. D. Day [8] has now 
been adopted and refined with time by several groups (JLM [9], BR [10], Amos [11], WKR 
[12]). In this approach one calculates the effective two-body interaction in nuclear matter 
and the extension to finite nuclei is made by invoking a local density approxiamation 
(LDA) in which the potential experienced by a nucleon at a point in a finite nucleus of 
density p is assumed same as the potential in infinite nuclear matter of the same density p. 
A NN scattering matrix or effective interaction (g-matrix) in the nuclear matter is obtained 
by solving Bethe-Goldstone integral equation; using the realistic NN potential. The 
complex, density dependent g-matrix is then used in a local density approximation to 
calculate the nuclear optical potential. The choice of fiindamental interaction at the two 
nucleon level as well as that of the ground state density of the target is crucial. 
Jeukenne, Lejeunne, Mahaux (JLM) [9] have obtained the self-consistent microscopic 
nucleon-nuclear matter optical potential using Reids [13] hard-core interaction by solving 
the integral equation [7]. A plausible range parameter is then introduced and local density 
approximation used to obtain a local optical model potential for finite nuclei. A spin-orbit 
potential is added fi-om outside. This potential, popularly known as JLM has been applied 
successfully to analyze a larger body of experimental data on nucleon scattering using only 
four normalization parameters [14]. Thus in the JLM approach the spin-orbit potential is not 
calculated microscopically. In contrast Brieva and Rook developed the generalized 
reference spectrum method [10] to calculate the radial dependent effective interaction in co-
ordinate space which is then be folded over the nucleon densities to obtain the nucleon-
nucleus optical model potential. Although they obtain both the central and spin-orbit 
components, however, the reference spectrum method is not considered numerically as 
accurate as the solution of integral equation [7]. 
Amos et al. [11] have successfully developed a non-local microscopic optical potential. 
They treat the non-locality of the exchange central and spin-orbit parts explicitly and hence 
solve the integro-differential equation to obtain the observables of nucleon scattering. 
However, since their potential is non-local it can not be compared with empirical potential. 
A slightly different approach has been followed recently by Arellano, Brieva and Love [15] 
by including genuine non-localities of the effective interaction. This approach is basically 
an extension of KMT theory. Recently Arellano and Bauge [14, 15] have developed an 
alternative approach where it is possible to separate the medium independent part of the 
effective interaction. The medium dependent part is shown to be significant only in the 
surface region. However, these recent approach are not yet fully matured. 
In this thesis we present a local microscopic optical potential using soft-core Urbana v-14 
[16] and also a hard-core Hamada Johnston (HJ) [17] nucleon-nucleon interaction as the 
basic input. We are able to calculate both the central and spin-orbit parts microscopically 
thus removing one of the important deficiency of the JLM [9] model. Further since we use 
the Brueckner Gammel method of solving the integral equation hence we are able to avoid 
the use of approximate generalized reference spectrum method [10]. Since our potential is 
local we can easily compare our results with the empirical potentials and hope to 
compliment the rich information collected by empirical analyses over several decades, in 
contrast with the approach used by Amos et al. [11]. 
(1.2) Out Line of Our Present Work 
In chapter 2 we briefly present some details of the calculation technique used to obtain 
nuclear matter optical potential in a self- consistent manner. We also describe our results of 
the binding energy of infinite nuclear matter, using first order Brueckner theory ,starting 
from both the Hamada-Johnston hard-core [17] and Urbana v-14 soft-core [16] realistic 
interactions. We note that the calculated nuclear matter optical potential using v-I4 
interaction are similar to the one using HJ interactions, except that the use of urbana v-14 
gives a real nuclear matter optical potential which is more attractive as compared with the 
results using HJ interaction. We find that the first order Brueckner theory with the use of v-
14 interaction predicts an overbound infinite nuclear matter at large saturation density as 
compared with the empirical value, where as the use of HJ interaction predicts an under 
bound infinite nuclear matter at a saturation density closer to empirical one. 
Chapter 3 describes the procedure for obtaining optical potential for finite nuclei from 
infinite nuclear matter potential within the framework of first order Brueckner theory, using 
both soft and hard-core intemucleon potentials. We present the formalism for obtaining 
different components (central direct, central exchange, spin-orbit direct, spin-orbit 
exchange) of the nucleon nucleus optical potential using local density approximation. We 
also discuss the effective mass correction. The results of our calculation of nucleon nucleus 
optical potential for use in studing the proton elastic scattering from '^Zr in energy region 
30.3 to 180 MeV are presented in the same chapter. We note that not only the depth but the 
radial shape of the calculated potential changes substantially with increase in the energy of 
the projectile. 
In Chapter 4 we discuss our results concerning the energy and mass number dependence of 
the proton-nucleus optical model potential obtained from first order Brueckner theory, 
using both the Urbana v-14 soft-core and Hamada-Johnston (HJ) hard-core interactions. We 
note that the calculated potentials give reasonable agreement with the scattering data. To 
study in detail the energy dependence of the optical potential in the energy region (30-
200MeV) we have made a extensive optical model analysis of p-^^Si, '*''Ca, ^*Ni, ^ Zr. '^'^ Pb. 
differential elastic scattering and polarization data. We have also studied the systematic of 
volume integrals and mean square radii (MSR) of the optical model potentials over a wide 
energy region. 
We have also studied the target mass number dependence of the microscopic proton-
nucleus optical potential at three energies: 30.3, 40.0 and 65.0. We consider targets ranging 
fh>m ^°Ne to ^°*Pb. This chapter also includes the target mass number dependence of the 
MSR at the above mentioned energies. Mass number dependence of the volume integral of 
the optical potential is also presentea. 
Chapter 5 describes our results for the isospin dependence of the microscopic proton-
nucleus optical potential. We have analyzed the proton scattering from Sn isotopes (112-
124) at 40 and 50 MeV and Zr isotopes (76-110) at 50 MeV. We present the isospin 
dependence of volume integrals and mean square radii for both Sn and Zr isotopes. We are 
able to calculate the strength of isospin term in the nuc'eon optical potential for Sn isotopes. 
Our results for Zr isotopes show the sensitivity of the microscopic optical potential to the 
nucleon density distribution used for the target. One of ttie important results is the decrease 
of proton spin orbit potential with increase of isospin in the target. 
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(2.1) Introduction: 
In this chapter we have briefly described some important features of the Bethe- Brueckner 
theory of nuclear matter [1. 2] and also presented our results concerning nuclear matter 
binding energy and optical potential using a soft-core v-14 [3] and also a hard-core 
intemucleon interaction HJ [4]. 
In section 2,2 we briefly introduce the properties of nuclear matter and discuss the Goldstone 
expansion. 
Heisenberg*s student H. Euler [5] made one of the first theoretical calculations for nuclear 
matter in 1937. He calculated its properties to second order in perturbation theory assuming 
a two-body interaction of Gaussian type for the nucleons. When the strong short range 
repulsion in the NN interaction was identified, it became apparent that conventional 
perturbation methods were inadequate for the calculations of nuclear systems. If the 
repulsion is taken as an infinitely strong hard core then all the two- body matrix elements 
would diverge. To treat the repulsive core Brueckner and co-workers developed a method to 
sum the two particle correlations, the so-called ladder diagrams to infinite order by 
introducing the reaction matrix described in subsection (2.2.2) and (2.2.3). 
In section 2.3 we introduce the correlated two nucleon wave function whose calculation is an 
essential intermediate step in the evaluation of effective interaction (g-matrix). In the same 
section we introduce the angle averaged Pauli Operator and obtain a partial wave break-up of 
the correlated wave function. (Bethe-Brueckner integral equation). 
In section 2.4 we discuss the method of solving Bethe-Goldstone integral equation when the 
intemucleon potential has an infinite repulsion at short distances (r <rc). Section2.5 describes 
the procedure of calculating self-consistent single particle potential and energy per nucleon 
for nuclear matter. In section 2.6 we have listed the steps used in the microscopic calculation 
10 
of the optical potential. Since we have used both a hard core and a soft core intemucleon 
potential we discuss the sources of difference in their results in section 2.7. 
Finally, our results are presented in section 2.8. We are able to calculate the binding energy 
of nuclear matter, nucleon-nuclear matter optical potential at large number of incident 
energies, Fermi momenta and also studied the differences between a soft and hard core 
intemucleon potential. 
11 
(2.2) Nuclear Matter; 
Nuclear matter is dsfined to be a hypothetical system of equal number of neutrons and 
protons filling whole space at a uniform density with Coulomb force switched off. The 
translational invariance of this infinite system implies that the single particle wave functions 
are plane waves. He ice the only problem to solve for nuclear matter is then to calculate the 
energy of the system as a function of density and to find out the effective interaction between 
the nucleons in such a many body system. 
The result of a nuclear matter calculation is the value of E/A (energy per nucleon) as a 
function of density p. A graph for E/A as function of density p should have a minimum value 
Wo at some equilibrium density po as shown in Figure (1). 
E/A 
wO B B M * 
% 
. . _ . ^ 
^.P 
Ficaisl. 
The empirical values of Wo and po can be obtained by extrapolating the observed properties of 
finite nuclei to the infinite nuclear matter. For >Vo the semi-empirical mass formula [6] is used, 
which gives the energy E for a nucleus containing Z protons and N neutrons: 
E = a, A + 32 A" + ajZ'/A"^ + a^ CN-Z) V2A+... (1) 
The first term is the volume term, second is the surface term, the third term is the Coulomb 
term and the fourth term is the asymmetry term. There are other terms corresponding to 
smaller effects, which we have not shown here. 
For nuclear matter we have N=Z, no Coulomb force and being infinite in dimension, surface 
effects can be neglected as compared to the volume term. Hence for nuclear matter only first 
term survives i.e. 
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E = a,A => E/A = a, = Wo = -16 MeV (2) 
For po: The interior density of a finite nucleus is reduced due to Coulomb repulsion and 
increased due to surface tension effects. Both these effects are absent for nuclear matter. 
Eliminating these effects [2] from experimental densities of finite nuclei we get: 
po = 0.17nucleons/fm^ 
Other useful parameter for nuclear matter is the average inter-nucleon distance ro, which is 
related lo the density: 
1 4 
-=:-7cr^ —> ro= 1.12 fm. 
P 3 
Density is also expressed some times in terms of Fermi momentum hkp. The Fermi 
momentum is defined as the largest momentum PF = hk^ of the occupied state in nuclear 
matter. Then in Fermi gas model the number N of nucleons in a volume V is given by the 
following expression: 
N = 4 V/ (27ih)Mn | pMp =2V/(3hV)pF' 
N/V= p^ =^j t^=>kp=1.36ym 
3;r 
-1 
Thus a reliable nuclear matter calculation should reproduce the properties discussed above. 
The large variety of nucleon-nucleon potentials though give similar phase shifts but different 
nuclear matter properties. Hence microscopic calculations are expected to help in choosing a 
better potential. 
(2.2.1) Goldstone Expansion: 
Brueckner-Goldstone theory is based on the Goldstone expansion [7]. This is a perturbation 
series expansion for the ground state energy of a many body system. The ground state is 
required to be non-degenerate. The series works for nuclear matter and doubly magic nuclei. 
We do not derive the expansion but briefly explain its working [8] in the following. 
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We start by first considering a system of A identical nucleons interacting via a realistic two 
body interaction. We then calculate the ground state properties of this system. Within a non-
relativistic framework, the exact ground state % is given by the SchrOdinger Equation 
Hiyo>=Eol%>, (3) 
where, we can write the Hamiitonian H as: 
* y 
and Vy is the realistic two-body potential obtained either empirically eg. Hamada-Johnston 
(HJ) [4], Reid [9] or v-14 [3] or using theoretical inputs e.g. Paris, Bonn or OBEP. Generally 
Vij has strong short-range repulsion for inler-nucleon distance ro< 0.5fm or infinite repulsion 
denoted by a hard core. 
Equation (3) cannot be solved exactly and we seek approximate solutions using perturbative 
techniques. Adding and subtracting an appropriate single particle potential U, the 
Hamiitonian is rewritten as an unperturbed part Ho. 
Ho=X (Ti + Ui), (4) 
i 
where U| is a single particle auxiliary potential and has been introduced so that the 
perturbation H, is small: 
"'=Z ^ o - I Ui (5) 
Since the total Hamiitonian H= HQ+H] does not involve U, the final result should in principle 
be independent on U. However, the energy is calculated using a perturbation series and the 
convergence of that series will depend on the choice of U. In principle it is completely 
arbitrary. The introduction of U is to make the perturbation series converge faster. A typical 
choice may be the single particle Hartree-Fock potential such that H, is small as compared to 
Ho. 
The unperturbed problem for Ho may be easily solved for single particle eigen functions 
Op(ri). (Since Ho is a simple algebraic sum of single particle Hamiitonian): 
(X + U|)a)p(ri) = EpOp(ri). (6) 
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OpCfi) forms a complete set of single particle orthonormal eigenfunctions. The unperturbed 
ground state <[>o would be a slater determinant obtained by populating lowest energy single 
particle states for A-nucleons: 
Oo= 1/VA! a [a>,(r.)02(r2) O^CrJ ] (7) 
A 
Thus Ho Oo = Eo <I>o, where Eo = J ] E„. 
n=l 
We call this ground state as the Fermi sea of A nucleons and any other combination of single 
particle states is said to be above the I'crnii sea. The exact ground stale is obtained by solving 
the eigen value equation with the full Hamiltonian H: 
The exact ground state energy E is given by the following perturbation series (Goldstone 
expansion [7]): 
E = Eo + <Oo IH, |<I>o> + < Oo I H, 1/ (Eo-Ho) PH, l<I>o> + 
< Oo IH, 1/ (Eo - Ho) PH, 1/ (Eo-Ho) PH, lOo> -
«I»olH,OoXOoH, l/(Eo-Ho)^PH,lOo>+ (8) 
where P = 1 - lOoxOol projects off states other than the unperturbed ground state |<I>o>. The 
presence of operator P ensures that the ground state I O© > does not occur as an intermediate 
state in the above matrix elements, i.e. in the intermediate states at least one particle has to be 
excited state above the Fermi sea. 
The operators in the above matrix elements are many body operators. To understand the 
mechanism, using equation (8), of calculating the contribution of any given term, we 
introduce fermion's creation 'a^ * and annihilation operators *a* such that they satisfy the 
following anti-commutation rules: 
[ar,a^]+ = a^^+aU=5r. ; [a„a^]+ = i:''*r,a*J+ = 0 . (9) 
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Using these operators we can rewrite Ho and Hj as operators, taking care of the fact that v^ j is 
a two-body operator and Ui is a one-body operator: Thus we can write: 
H. = 2 < Pq 1 VI rs > aVa*qa,a, - ^ <p I Ul q > a^a,, (10) 
pqni 1,11 
where <pql vi r s>= J Op*{r,)0„*(r2)v(r,-rz)(I>,(r,)<I),(r2)dT,dT2 and 
< p l U l q > = J a>/(r)U(r)a>q(r)dT. 
The summations over pqrs in Equation (10) are over distinct single particle states. 
To understand the working of Goldstone expansion, let us consider the following second 
order term in eq (8) and in this process we also learn to draw Feynman diagram: 
Figure! 
We start the action in the above matrix element from right hand side shown by an arrow 
below equation (11). 
At the extreme right hand, \% > is the unperturbed ground state of the Hamiltonian H©, where 
there are no nucleons outside the Fermi sea and no holes in the Fermi sea. In the diagram we 
show this by blank below the dashed line in figure (2). 
Now Hi has to act on |0o > as defined by Equation (10). 
As an example we take H|=<ab( v I Im>a*,a\amai. Since ai and a^ absorb fermions in states 1 
and m; 1 and m must be some occupied states in the fermi sea i <I>o>- Thus the action of a, and 
am is to create holes in state I and m in the Fermi Sea. Further a\ and a\ creates fermions in 
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states a and b. Hence these states must be un-occupied states above the Fermi sea since the 
Fermi sea is completely occupied by Fermions. Hence the action of Hi (the one chosen 
above) is to create holes in states I and m in the Fenfli sea and create two particles in state a 
and b above the Fermi sea. 
In the diagram (Figure 2(a)) we show the two-body interaction v by the horizontal dashed 
line. Solid lines with downward arrows labeled I and m show the holes created in the fermi 
sea and the lines with upward an-ows labeled a and b depicts the particles created above the 
Fermi sea. 
Now PH, |<I)o>: The operator P checks that the many body state H, |<I)o> is different from the 
ground state \0,;> which it is, since it has two holes in the Fermi sea and two particles 
outside the Fermi sea. 
Now 1/ (Eo - Ho) PH, |Oo>: The inverse operator 1/ (EQ - Ho) has E© = sum of all single 
particle energies in the ground state |<l>o>, and Ho acts on the two particle two hole (particles 
a and b above the Fermi sea and holes 1 and m in the Fermi sea.) state PH, |<I>o>. Thus finally 
we would get 1/ (E.+Eb-E,-E„,)) PH, <Do>. 
The last Hi has to act on the two particle two hole state and further after that we have to take 
the scalar product with the left most < OQI . Hence for nonzero contribution from the matrix 
element the last Hi has to be so chosen that the two particles above the Fermi sea are 
destroyed and the two holes in the Fermi sea are filled up. This implies that Hi=< Im|v|ab > 
X ai^ am^ abBa i.e. The particles in states a and b above the Fermi sea interact via two body 
interaction v and are destroyed. They go over into the states 1 and m and fill up the holes in 
these states in the Fermi sea as shown in the diagram Fig.2 b. 
The total contribution of the matrix element Eq. (11) to the energy is: 
- Yi < Im IV I ab > <ab| v | Im > l/(Ea + Eb- E, - En,) 
^ ab>kflm<kf 
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<Oo|ai^ am a^baaaa^ ab^ amai \0o > 
= - - 2^ < l m | v | a b > l/(Ea + Eb - E| - Em ) <ab | v 1 Im > 
•^  al;>kflm<k.f 
The negative sign comes from the energy denominator, and it can be shown that the ground 
state matrix element of the product of operators would give either +1 or - 1 . 
The contribution to the energy from the second order term considered above thus comes from 
the interaction of particles 1, m in the Fermi sea getting excited to intermediate states a, b 
above the Fermi sea. 
These nucleons then interact again to fill up the Fenmi sea and we get bacic the ground state. 
Further we sum up alJ the possible two particle states 1, m in the Fermi sea and slates a, b 
above the Fermi sea. The factor Vi comes by counting only distinct pairs l.m in the Fermi sea. 
Detailed rules for obtaining the sign of the matrix element are described in ref. [8]). 
In the above example we have been able to calculate the second order contribution to the 
energy of nuclear mailer by choosing one particular term for Hi in Eq. (11). There are many 
possible choices for Hi and each choice gives rise to a Feynman diagram. To calculate total 
energy in second order we must sum up the contribution of all possible second order 
diagrams. The rules for writing the contribution of any diagram are explained nicely by B. D. 
Day [8]. 
A 
1>' 
\J 
-^ a 
n k 
O-v- O 
Figure (3) 
There are some disconnected diagrams also as shown in Figure (3). They are a disaster 
because their contribution is proportional to A .^ While from a sensible theory, the energy of 
nuclear matter should be proportional to A. However it can be shown that in every order their 
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contribution gets exactly cancelled by some other diagram. Hence the contribution to total 
energy from the Goldsione expansion (see eq (8)): 
E = Eo + All connected diagrams. (12) 
m n ^.—4-^m n 
o o (^ O x 
Figure (4) 
Writing out the contribution to energy in Goldstone expansion up to First order only (Figure 
(4)): 
E = '/i [ ^ < mn I VI mn > - ^ < mn | v | nm >] + 
2; <n|T|n>. (13) 
n<kf. 
where T is the kinetic energy operator. The total energy would still depend on the choice of 
the single particle potential U as the states m, n are eigen states of Ho = T +U. 
The example given above would be of help to write the contribution to the energy of nuclear 
matter up to any order of perturbation (Equation (8)). 
However, the expansion in its present form cannot be used to get a sensible answer to the 
energy of nuclear matter for the following reason. The matrix element in Equation (13) has 
the rcahstic two nucieon potential v that is either strongly repulsive or has an infinite hard 
core for r < TC- Due to this the matrix element would predominantly give a repulsive 
contribution to the unergy of nuclear matter. Hence this type of calculation would not give a 
bound system having negative total energy. This problem is similar to the scattering case 
where the first Bom term with realistic v would diverge, while the full series would 
converge. A similar procedure is followed here. We replace v by an infinite series, called 
reaction matrix, representing the solution of full Schradinger equation (two-body interaction 
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to all orders of perturbation) between two particles in nuclear matter. This is described in the 
next section. Day [8] has shown that this replacement amounts to rearranging the Goldstone 
series in order of density and that it converges rapidly. 
(2.2.2)Reaction Matrix: 
The diagrams of the Goldstone expansion are re-arranged in such a manner that in each 
matrix element, the two-body potential v is replaced by an infinite series of two-body 
interaction to all orders. This infinite series is called the reaction matrix or effective 
interaction. It can be shown that this infinite series is equivalent to solving the full two-
nucleon SchrOdinger Equation in presence of other nucleons in nuclear matter. The reaction 
matrix is well behaved even at short inter-nucleon distances. 
To illustrate the procedure for obtaining the reaction matrix we consider a third order 
diagram shown in Figure 5 (a). The contribution of this diagram is: 
2] <Im I v I ac> l/(Ea+Ec-E|-Eni)<cn | v [Jbn > 
lmn<kfabc>kf 
l/(Ea+Eb-Ei-Em) <ab IV I Im >. 
Let us concentrate our attention on the bubble interaction which gives; <cn|v|bn>. 
We are now going to add to the diagram 7(a) an infinite series of diagrams which are exactly 
similar to this diagram except that they have single v replaced in the bubble by two, 
three,four... v interactions. 
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(c) (d) 
The diagram next in sequence to Figure 5(a) is Figure 5(b), where we have two v 
interactions. The contribution due to an additional v interaction at the bubble of 7(a) is: 
2] <cn|v|de>l/(Eii+Ec-W)<de|vibn>. (14a) 
where W = Ei+Em+En-Ea. 
The third diagram in this sequence would be Figure 5(c), where we have three v interaction 
at the bubble. 
The additional contribution of diagram 7(c)is: 
2] <cn|v(de>I/(E^+E.-Wkdelvlfg>l/(Ef+Eg-W)<fg|vlbn> (14b) 
We go on adding one more v interaction in each successive diagram. 
Each term adds one energy denominator and a v interaction with a complete set of two 
particle states in the numerator, as shown by the underlined portion in Eqs. (14a) and (14b). 
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This suggests that the sum of contributions from the diagrams obtained by adding infinite 
number of v interaction would be obtained if we replace v by the following infinite series: 
G(W)= V- 2] V I de>l/(Ed+Ee-W)<de|v+ 
de>k. 
^ v|de>l/(Ed+Ee-W)<de|v|fg>l/(EffEg-W)<fg|v (15) 
The above series would have successive terms positive and negative as each additional 
energy denominator gives rise to a negative contribution [S]. 
This infinite series, which sums up v interaction between b and the bubble at n in Figure (5), 
is called the reaction matrix. W is called the starting energy and is the energy contribution 
coming from the rest of the diagram at the stage of the bubble in Figure (5). 
We can easily repeat the process of introducing infinite sequence of v interactions (ladder) 
for each v interaction in any diagram. Thus each v would be replaced by a reaction matrix. 
However, the starting energy W would be different for each reaction matrix. 
To be able to write the reaction matrix in compact operator form we define the following 
two operators; Q and e, which act on the two nucleon state |pq>: 
Q|pq> = |pq> if both states p and q >hkF (16) 
= 0 otherwise, and 
e|pq> = (Ep+E,-W)|pq>. (17) 
Q is the Pauli operator which ensures that the intermediate excited state is above the Fermi 
sea, and the operator e is to be used as the energy denominator in the definition of the 
reaction matrix G (W). We can now rewrite equation (15) in operator form: 
G (W) = V - V (Q/e) v + v (Q/e) v (Q/e) v -
The above series can now be written in the following compact form: 
G (W) = v-v (Q/e) G(W). (18) 
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Eq (18) is the definition of tiie reaction matrix G(W). In the diagram it is represented by a 
solid wavy line. Thus the v interaction to the bubble in Figure (5) would now be drawn as 
shown in Figure 5(d). 
Repeating the same process for the other two v interactions in Figure (5), we would have the 
final diagram containing three wavy lines representing the 3 G-matrices, as shown in Figure 
5(e). 
A second order diagram in G-matrix would be Figure (6). However, the infinite ladder of v 
interaction lines in the lower G-matrix would be identical to the ladder in the upper G-matrix. 
\J^\/\/\^\AJ 
Figure 6 Figure? 
Hence the diagram in the upper portion of Figure (6) is double counting the infmite series. 
Thus the diagram in the lower portion of Figure (6) sums up all the ladders in the upper 
portion of the same diagram. Thus there would be no second order g-matrix diagram. Its 
contribution is already contained in the first order G-matrix diagram shown in the lower 
portion of Figure (6). 
Following tiie procedure outlined above we can draw the first order direct and exchange G-
matrix diagrams (shown in Figure (7)). 
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(2.23)Properties of Reaction matrix: 
G (W) (defined in Equation (18)) is an operator that acts on a two nucleon state. Let 
^is(ri,r2) be the two nucleon (in states r and s) unperturbed product wave function: 
<I'rs(ri,r2) = (pr(ri)cps(r2) = | rs >. 
We define a correlated two-nucleon wave function: 
4'rs(ri,r2)=<I>rs(ri,r2)-(Q/e)G(W)On,(r,.r2). (19) 
Applying v on both sides of the above Equation we get: 
vH'„(r,,r2) = v<I>„(r,.r2)-v(Q/e)G(W)a)„(r,.r2), (20) 
= (V - V Q/eG(W)) (D„(ri,r2). 
=> v4'«(ri,r2) = G(W)0„(ri,r2). (21) 
Using Eq.(21) in Eq.(19) we get the following relation: 
^rs(ri,r2) = 0«(ri,r2)-(Q/e)v4'„(ri,r2). (22) 
The above Equation is the well known Bethe-Brueckner integral Equation for the correlated 
wave function ^rs(ri,r2). In practice, Equation (22) is solved as a first step and then Equation 
(21) is used to obtain the reaction matrix (called effective interaction or t-matrix) G (W). 
We now specialize for nuclear matter. Since it is homogenous and isotropic infinite system 
with translational invariance, single particle wave functions are plane waves: 
<Dr(ri) = iNn exp(ikrTi) (23) 
In a finite volume CI, kr satisfies the periodic boundary condition. However, as we take the 
limit n-* 00, the sum over states would go over into integration over the momenta: 
the factor 4 arises due to spin and i-spin degeneracy. Using the above relation the density of 
the nuclear matter is: 
p(r) = ^ |(p(r)p = 4/(2n? J d\„. 
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This finally gives us the nuclear matter density: 
PF(^)=2/(3u2)kp^ (24) 
Thus the density of nuclear matter is proportional to the volume of Fermi sphere in 
momentum space. Further, the average kinetic energy <T > in nuclear matter is: 
<T> = 3/10kF^ (25) 
The plane waves are eigen functions of the unperturbed Hamiltonian 
Ho = S(Ti + U,), 
Therefore, Ti and U are diagonal in this representation and hence the total momentum of the 
slater determinant would be conserved. We can take the total momentum of the unperturbed 
Fermi sea as zero. This implies that the total momentum of any diagram should be zero i.e. 
diagram of the type Figure (8) would not contribute to the energy since they violate the 
momentum conservation. 
Figure (8} 
(y\/\/\r\Q 
(a) 
Figure (9) shows all the first order (the cross in Figure (8) and (9) represents the single 
pardcle interaction U of a nucleon) and Figure (10) some of the third order diagrams. We 
have discussed above that there would be no second order G-matrix diagram. 
03 -X 
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Figure (10) 
(2.3)Kinematical Considerations: 
For the case of two interacting nucleons in states r and s, we define the centre of mass and 
relative coordinates and momenta: 
R = '/2 (ri + n ) ; r = n - rz; 
K„ = kr + K; k„ = 'M kr - k. ). (26) 
Using these definitions we can rewrite the two nucleon unperturbed product wave function: 
Ore(ri,r2) = I/O exp(ikrTi) exp(ik.»r2) 
= l/a exp(iKr,«R) exp(i k„T), (27) 
and the action of the operator e and Q in the intermediate states p and q: 
e I pq> = [ E(p/2 Kp, + kpq I) +£(1^ 2 Kp, - kp, [)-WJ (pq > , (28) 
and Q|pq>= | pq > if 1^2 Kpq + kpq | >kF and |V2 Kpq-kpq|>kF. (29) 
= 0 otherwise 
Since all operators Q, e» G, v conserve total momentum, hence the total momentum of the 
correlated wave function TR(ri,r2) would be the same as that of the unperturbed two nucleon 
state Onirijci). Hence we can write: 
^rs(ri,r2) = l/nexp(iKr,*R)4'„rk„T). (30) 
Using G (W) <l>„(ri,r2) = v 4'r,(ri,r2), we can write 
<pq IG (w) I rs > = < pq | v 14're> 
= J <I>^pq(ri.r2)v4'„(ri,r2)dVid^r2 
= UCl J exp(-iKpq»R) exp(-ikpq»r)v 
x 1/n exp(iK„»R) "Vrs (k„T) d\ d^ R 
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<pq|G(w)|rs> = l/n6(Kpq,Krs) J exp(-ikpqT)v T„ (krs •r)dY 
=l/a6(Kpq,K«),<pq|G(W)|4'rs(krsT)> (31) 
Equation (31) suggests that in order to evaluate the matrix element of G(W) required to 
evaluate the energy of the system (Equation (13)) with v replaced by G), we must first know 
r^a(krs 'r). To obtain this we follow the procedure outlined below. 
Equation (22) along with Eqs. (27) and (30) leads us to: 
exp(iK„«R)^r.(krsT)=exp(iKn,*R)exp(ik„T) - Q/e exp(iK„»R)Trs(kn,T).. (32) 
Introducing a complete set of two particle states in the second part of the above equation we 
get: 
2 (Q/e)|kKxkK|v|exp(iKn;«R)*..(krsT)> = 
kK 
Y, (Q(k, K)/e(k, K))exp(iKn,»R)exp(i krsT) /n 
kK 
X J exp(-iK«R')exp(-i k-r') v exp(iK„»R')T„(k„TO d^RdV 
The above equation, after separating the centre of mass motion, gives the following result: 
^rs(krsT) = exp(i k„T)- j K(r. r')v(r')^rs(k„Ty r', (33) 
where K(r,r') = J dV(27c)^ Q(k,Krs)/e(k,I^ rs)exp[ik(r- r')]. (34) 
Equation (33) is called the Bethe-Goldstone integral equation and can be easily solved for 
*Prs(kre»r) using matrix inversion technique. 
(23.1)The Pauli Operator: 
The Pauli operator Q is an important ingredient of Eq. (34), hence we need to understand 
how Q works in a meny-body system (the nuclear matter). To understand the working of 
Pauli operator in Eq. (34) we draw a Fermi sphere of radius kp, shown in Figure (1 la). Initial 
two nucleons with momentum kr, k, interact via two body potential v. For the bound state 
problem both the interacting nucleons have momenta < kp. These nucleons get excited in the 
intennediate state having same total momentum Krs (due to conservation of total momentum) 
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but can have any relative momentum k. However since all momentum states up to kp are 
occupied in nuclear matter, the excited nucleons ni'ist go to only those intermediate 
momentum states that are outside the Fermi sphere (k > kp ) When this condition is not 
satisfied the Pauli operator Q = 0 (as shown in Figure lib), otherwise Q = l(as shown in 
Figure (1 Ic)). The momentum of the nucleons in the intermediate state would be: 
ki = |V4Krs+k| andk2=|HK„-k| 
From the above expression it is obvious that both ki and ka depend also on the angle between 
Kn and k. To eliminate this angle dependence, angle averaged Pauli operator is used in 
practice. This approximation is discussed ahead. 
Figure (11) 
(2.3.2) The Correlated Wave Function: 
We have defined the correlated two nucleon wave function ^r,(krf»r) through Eq.(I9) and 
(33). Here we discuss the physical meaning of ^„(k„*r). In particular we show, after making 
appropriate approximations that ^nik^T) represents the scattered wave function of the two 
interacting nucleons in nuclear matter. 
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In Equation (33) we make the simplification: Q = 1 and replace the single particle energies in 
the energy denominator e (k, K^) by their kinetic energies. This would then amount to 
considering the scattering of two free nucleons. 
The starting energy W is then given by: 
W = hV(2m) kr^  + hV(2m) ks^  
However, if we define the total momentum Ko = K„ = kr + kg; and relative momentum kg = 
k„=>/2(kr-ks),lhen; 
Using this we can rewrite the starting energy W as: 
W = h^ / (2M) Ko^  + h /^(2 i^) ko^ . 
Proceeding similarly for the energies of the nucleons in the intermediate state (where k is the 
relative momentum of the two excited nucleons in the intermediate state): 
E(| Vi Kr,+k I) + E(| V2 K„- k I) = hV(2M) Ko^  + hV(2M) k', 
where M is the total and \i is the reduced mass of the two nucleons. 
Using the two expressions above, the energy denominator e (k, K^) in equation (34) is given 
by the following expression under our approximation: 
E (k, K„) = hV (2 n) k' - h2/(2 n) ko' (34) 
Using this in K(r, r ) (which is now a free particle propagator) in Eq. (34) we have: 
K(r, r") = J d V (2n)^exp (ik«(r-r'))/(kW+te) 
= exp(iko-|r-r'|)/(47rH) (35) 
Using this result in Equation (33) we obtain: 
4'„(koT) = exp(i koT)- J exp( i ko •|r-r'|)/(4rt|r- r'|)v(r')4'„(Vr')d' r' (36) 
This is the well-known integral Equation for free two-nucleon scattering. 
Thus the integral Equation (33) represents the scattering of two nucleons in presence of other 
nucleons in nuclear natter. In nuclear matter the Pauli operator Q = 0 for excitations within 
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the Fermi sea and hence k=ko would not be allowed in Equation (35). Due to this: SKR - exp (i 
ko»r) quickly as r- oo and thus there is no phase shift. This property is known as healing. 
However, if one of the initial nucleon is outside the Fermi sea (the case when we calculate 
the optical potential for scattering case) there would be a pole in the propagator allowed by 
the Pauli operator leading to non zero phase-shift. 
(2>3>3)Partial wave expansion; 
In order to evaluate the matrix element of the reaction matrix we have to solve the following 
integral Equation: 
4'(kT) = exp(ikT)- J K(r,r')v(r')4'(kTyr', (37) 
where K(r. r) = J d^ kV (27c)^ Q (k',K)/e(k'.K)exp[ik'Kr- r')], (38) 
and K and k are the centre of mass and relative momentum in 
the initial stale and k* is the relative momentum in the 
intermediate state. Total momentum conservation ensures 
that the total momentum in the intermediate state is also IL 
Q is the Pauli operator that ensures that the nucleons in the 
excited state (shown in Figure (12)) have momentum 
P+, p.> kp.The energy denominator e (k', K) is: 
Figure 12 
(39) e(k',K) = E(p+,K) + E(p.,K) - W, 
where E(p+,K). E(p.,K) are the energies of the nucleons in the intermediate state and W is the 
starting energy. 
In order to have a partial wave expansion of Equation (37) we have to first eliminate the 
angle dependence in the Pauli operator and energy denominator of Equation (38). The 
procedure generally use is briefly described below. 
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Angle averaged Pauli operator: 
In order to slove Eq. (37) we need to have a partial wave expansion of the correlated two 
nucleon wave function. However both the Pauli operator Q in Eq.(37) and the energy 
denominator (Eq. (39)) involve the angle between the total and relative momenta of the two 
nucleon state. To eliminate this angle dependence, angle averaged Pauli operator is used [I> 
2,10]. We describe this approximation below. 
The momentum of the two nucleons (p+, p.) in the intermediate state are related to the 
relative and center of mass momentum as shown below: 
k' = l/2(p+ - p.) and K = p+ + p. 
=> p+ = 1/2K + k' and p. = 1/2K - k' (40) 
Now as shown in Figure (10) the Pauli operator would satisfy the following relation: 
Q I p+.p> = 1 if both p+ and p. > kp 
= 0 otherwise. 
We can express the momentum p+ and p. in term of relative and centre of mass momentum, 
using Equation (40), we have (both the momenta p+ ,p. > kp): 
p+^  = '/4K2 + k'^+K.k'>kF^ 
and p.^  = VA Y} + k'^  -K.k' > kp^  . 
=> K.k'>-('/4K^ + k'^ -kF^) 
and -K.k' > kp^  M K^  - k'^  
=> K.k'<('/4K^ + k'^-kp2). 
Denoting by 8 the angle between the vectors K and k' we fiually get the following constraint 
on the angle (0), due to Pauli principle, (in order that both p+ and p. > kp): 
('/4 K^+k'^ -kp2)/(Kk')>Cose >- (W K^  + k '^ kp^Kk'). (41) 
Defining A = {VA K^ + k'^  - kF^)/(Kk'). 
We have the following constraint (The maximum value of A would be unity). 
A > Cose > -A 
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Finally the Pauli operator can be written as: 
Q(P+.P-) = Q(lc\K,Cose ) = 1 if A > Cos9 > -A. 
= 0 otherwise. 
In order to eliminate Cos© dependence we define the angle averaged Pauli operator in the 
following: 
Qik\K)= y^ J d (CosO) Q(k',K,Cose) 
-A 
*A 
= J^ J d(Cose) = A. 
-A 
Thus we finally get the angle averaged Pauli operator as: 
Q{k,K)^K ifO<A<l (42) 
= 1 if A>1 
sO if A<0. 
Thus instead of the usual Pauli operator we shall use in Eq. (37) the angle averaged Pauli 
operator defined by Equation (42). 
The Energy denominator; 
The energy denominator to be used in the solution of Equation (37) can be rewritten as: 
e (k', K) = E(p+=|1/2K + k' | ,K) + E(p.=|l/2K - k' |,K)-W. 
The above expression clearly shows that the energies of the nucleons in intermediate state 
expressed as a function of relative and centre of mass momentum would depend on CosG 
also. We eliminate this angle dependence in a manner similar to the angle averaging used for 
Pauli operator as discussed above. 
The single particle energy spectrum of the nucleons in intermediate state can be written as: 
E (p, K) = Kinetic energy + Potential energy. 
In order to achieve self consistency we use the following polynomial expansion of potential 
energy V (p+) = V o + Vi p+^  +V2 p / , this gives us: 
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V (p )^ + V (p.) = 2 Vo + V, (pA P-') +V2( pAp- ). 
Using Eq. (40) we can rewrite the above in the following fonn: 
V(p+)+V(p.) = 2 Vo + 2V, (Vi K^  + k'^)+ 2 V2[(»/4 K^ + k'V+(K.k')^] . 
Thus the term containing fourth power of momentum would have the dependence on CosO . 
We replace this term in the above expansion by its angle-averaged value [10] as shown 
beJow: 
(K.k')^2 <(K.ky> = '/iJd(Cose) (K.k')^Q(k'.K.Cose) 
= 1/3 A^  (Kkf . (43) 
In view of Eq.(43), angle averaging for energies of nucleons in intermediate state amount to 
the following replacement in single particle spectrum: 
p±^-^ y4K^ + k'^  ±l/(V3)A^Kk' (44) 
Thus Equation (44) is essentially our angle average approximation for the energies of the 
nucleons in the intermediate state. 
Partial wave expansion of Equation (37): 
After replacing the Pauli operator and energy denominator by the angle averaged values we 
can proceed ahead with partial wave break up [1, 2] of Eq. (37). 
The first step is to perform the partial wave breakup of the kernel 
K(r. r') = / d\'/(2nf Q(k'.K)/ e(k', K) exp[ Ik'»(r- r')] 
= 2 ; (21+1) V(47c/(21+l))y,V,r ) G,(r, r ). (45) 
where G,(r, r ' ) = / k'^ d k ji(k'r) j,(k'r') Q(k',K)/e(k',K). 
The second step is tc expand the plane wave: 
exp(ikT)x, = X (21+l)iW(47c/(21+l))j,(kr)Xs (46) 
Using Eqs.(45) and (46) in Equation (37), coupling the angular momentum and spin and 
noting down the presence of tensor force (ref.[l, 2. 10]), we get the following result for the 
radial part U|i''V) of the correlated two nucleon wave function: 
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Ui^ir) = 7* (^r)^„, -4;r^y^rfr 'G,(r . / - ' )v ,f . ( r ' ) t / ,^( / ) (47) 
where Ufj' (r) is the radial part of the correlated two nucleon wave function. 
We have solved the above equation using standard matrix inversion technique. 
(2.4) Treatment of the Hard core: 
viT'^ V), in Eq (47), is the realistic two nucleon potential. The inter-nucleon potential is either 
obtained empirically by fitting the deuteron ground state properties and n-n phase-shift data 
or the OBEP models. Many of these potentials have hard-core repulsion at short distances 
(we have also used Hamada-Johnston hard core potential where re = 0.485345) i.e. 
V(r) = 00 for r < TQ. 
We adopt the following procedure to handle the presence of hard -core (as in ref. [2,10]): 
We define: V(r) U(r) = X 8(r-rc) for r < re, and we determine % by imposing die condition 
that the radial part of the wave function V{T)=0-ai r = TC. Using this we can simplify Equation 
(47), for the simpler c.ise of 1 =1' (uncoupled states); 
U/' (r) = ;, (kr) - Am^AG, (r. r j - 4;r \r'WGe(r, r')vf {r')Uf ( / ) (48) 
Imposing the condition that the wave functions must vanish at r = TC, we get: 
/l = [y/(^rJ-4/jr'2t//G,(r,,rOv/^(rW'(''')]/(4;zr/G,(r,rJ) (49) 
Using the above result in Equation (47) we finally obtain: 
U?,^  (r) = [J-(kr) - j , (kr j ^ ^ ^ ] 5 , . - 471 p ^ ^ ^ ^ 
G . ( r , r J - ? ^ E v;f.(r')U;5(r') (50) 
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Vif (r) = S,(r)5,,-47iJr'^dr'F,,(r.r')2; v;,^(r,r')U^^(r'). 
where S,(r) = [ j , ( k r ) - j , ( k r j - ^ ^ ^ ^ ] , 
G,(rp,r) 
andFL(r,r') = [ G , ( r . r ' ) - G , ( r , r c ) - 7 - ^ l ' 
Using Eq.(51) one can determine the diagonal matrix element of the G(W): 
Y, <ksmJG(W)|ksmj>=2] <ksmj v | Vk(smj)> 
; /47-11 
"[/^dr'S^ikr) Yvifi/WiH/) (51) 
,- r 17-11 
(2.5) Single particle Potential Energy; 
The single particle potential energy of an incident nucleon of momentum k is then: 
V(k,E)=2;''<0*)2; X 1/2(2T+1)(2S+1) 
j T S 
[Y, <ksmJG(W)|ksm,>]. (52) 
" t j 
If the incident nucleon has momentum k > kp, the kernel (propagator) eq(45) is then complex 
and hence the matrix element of the G-matrix would be complex. This complex part comes 
from the root of the energy denominator where outgoing wave boundary condition is applied 
for its evaluation. Thus the presence of the imaginary part in the single particle potential 
energy in Eq. (52) gives us the optical potential. However, for incident nucleon momentum k 
< ky the pole in the kernel is disallowed by the Pauli operator, and hence the potential 
(Eq,(52) ) is purely real. 
35 
We have used Eq. (52) to calculate the single particle potential. However its calculation 
requires single particle energies in the energy denominator as discussed earlier. Thus the 
calculation of single particle potential requires a self consistent approach. We can achieve 
self-consistency by an iterative process. In order to perform self-consistency we have taken 
the following parameterization as the initial guess for the single particle potential energies. 
V(k) = a + b k^+c k'* +d k^  for 0 < k < k^ (53a) 
V(k) = a'-b'exp(-c'k^) for km<k<oo (53b) 
where a, b. c, d, a', b' and c' are constants and k is the momentum of the nucleon. The values 
of the parameters a to d are determined by fitting Eq. (53a) to the calculated potential, Eq. 
(52) in the range 0 < k < km- We take km = 5 fm''. The constant a' to c' are obtained by fitting 
Eq. (53b) to the calculated potential in the region km < k < <». Self-consistency is readily 
achieved in about 5 to 6 iterations if a good initial guess is made 
Figure (2.1) shows the result of self-consistency obtained for the single particle potential as a 
function of incident momentum for fermi momentum kF=1.4fm''. Full circles represent the 
self-consistent single particle potential, calculated from Brueckner g-matrix (Equation (52)), 
using v-14 interaction [3]. The solid line is a result of the single particle potential obtained 
from polynomial approximation used as input for the calculation of g-matrix. From (Figure 
2.1) it is satisfying to note that we are able to achieve self-consistency satisfactorily. 
Using the result of self consistent potential we can calculate single particle energy E (k): 
E (k) = hV/(2m) +V(kJE). (54) 
and the average energy per nucleon of nuclear matter would be: 
E/A= J k2dk[hV/(2m)+l/2V(k,E)]/ J k^ dk. (55) 
0 0 
The factor of Vi in the above expression takes care of ihe double counting of pairs. 
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(2,6) Calculation Procedure: 
We now list the steps followed for numerical calculation of the self consistent single particle 
optical potential and the binding energy of nuclear matter. 
1. Choose a Fenni momentum kp: 0.5 —• 2.0 f "'. 
2. Choose the initial parameters of the single particle spectrum: 
V(k) = Vo + Vi k^  +V2 k'* + V3 k* 
Starting from a set of guess values for the parameters Vo, Vi, 
V2 and V3 at a given value of kp. 
3. Choose a momentum of the incident nucleon k: 0.1 -* 6.0 fm "', 
and calculate its potential energy using step 2. 
4. Choose a momentum, j , of the target nucleon in the Fermi sea: 0 < j < kp 
and calculate it potential energy using step 2. 
5. Calculate the relative and centre of mass momentum kg and K, of the initial nucleons 
k and j . (We have used 5-point Gauss integration for the magnitude of the target 
nucleon momentum j and also for the angle between the vectors k and J). 
6. Calculate the Green*s function Gi (r,r') using Eq.(45) for relative angular momentum 
1=0,1,2,3,4,5,6 and choose the radial mesh: (r,r'): re —• 10 f (50 points). TC =0 for a 
soft core inter-nucleon potential. Thus there would be 7x50x50 values of the 
propagator. The radial mesh should have small interval size for short inter-nucleon 
distances where the potential changes steeply. 
7. Calculate the nucleon-nucleon potential vii-'''(r) for all possible LSTJ states (L < 6); 
(We have considered 25 intemculeon states including four tensor coupled states). 
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8. Solve the Bethe-Godstone integral Equation Eq. (50) for the radial part of the 
correlated two nucleon wave function Uiv^ (^r) using matrix inversion. 
9. Calculate the matrix element of the G-matrix Eq. (51) and then the single particle 
potential energy V (k, E) using Eq. (52) after integrating over the angles (Five) and 
the momentum (Five) of the target nucleon. Thus we would have to repeat steps 4 to 
9. 25 times. 
10. Repeat from step 3 to 9 for a different value of the incident momentum k. (We have 
taken twenty values of k: 0 < k < 6 fm'). 
11. Obtain a fit to the potential energy: V(k) = Vo + Vi k^  +V2 k* + V2 k^ ; ie. Obtain a 
new set of values for the parameters: VQ, VJ, V2 and V3. 
12. Repeat from step 2 to step 11 to obtain self-consistency of the parameters VQ. VJ, V2 
and V3 at a given value of kp. This task generally requires about 5 cycles. Figure (2.2 
(a) and (b)) show the calculated real and imaginary part of the nucleon-nuclear matter 
optical potential at several nuclear matter densities. 
13. Calculate the total single particle energy E (k) and then the binding energy of nuclear 
matter at the chosen value of kp using Eqs.(54) and (55). 
14. Repeat from step 1 to 13 for a different value of kp (We have done the self consistent 
calculation at 16 different Fermi momenta: 0 < k < 2 F ' . 
15. Repeat the whole process (stepl to step 14) for both Soft and Hard Core intemucleon 
potentials (denoted by v-14 and HJ). 
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Figure 2.3 shows our result for the variation of nuclear matter Binding Energy (E/A) per 
nucleon as a function of nuclear matter density p from the use of both v-14 and HJ 
intemucleon potentials. We find that the soft core potential gives a larger binding energy 
(denoted as v-14 (BB)) and saturate at a larger value of kp as compared with the hard core 
potential (denoted as HJ (BB)). This result is in agreement with the findings of Bethe [11], 
Day [6] and ref. [^ ]. We also note that none of two potentials reproduce the empirical binding 
energy. This is a well known difficulty (Coaster [12]) of the results using first order 
Brueckner theory. However we investigate this larger potential energy in some detail in the 
next section. We have also given the results (denoted as v-14 (LP)) of Lagans Pandharipande 
[3] using variational technique. We note that our results are quite close to the variational 
results. 
(2.7) Comparison of Nuclear Matter Potential from Hard and 
Soft Core Internucleon Potential; 
In this section we present the results of our investigation concerning the sources of 
differences leading to larger microscopic potential energy from the use of Soft-Core 
interaction as compared with use of a Hard-Core (HJ) interaction in first order Brueckner 
theory. 
In subsection (2.7.1) we first make a detailed comparison of free nucleon-nucleon phase-
shifts resulting from the two intemucleon potentials. We find that the phase shifts in 'So state 
shows that v-14 is more attractive than HJ. The phase shift in P^o state shows similar 
behavior. Further ^Dj state for HJ is more repulsive than for v-14. In order to see how this 
difference of phase shifts are reflected in the optical potential we present (in subsection 2.7.2) 
our results about the different partial wave contributions to the nuclear matter optical 
potential at 30.3 and 2(X) MeV. We further show that the effect of Pauli operator enhances 
the greater attraction for the soft-core intemucleon potential. 
* Wasi Haider. Bharti Shamta and J. R. Rook, International Journal of Modem Physics E, vol 14, No.5 (2005) 
807-819. 
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(2.7.1) Free nucleon-nucleon Phase-Shifts: 
In this section we compare the free nucleon-nucleon phase shifts calculated for both the soft-
core v-14 and the hard-core Hamada-Johnston intemucleon potentials. We find that although 
the radial shapes of the potentials are known to be very different for intemucleon separations 
less than about 1 fm, very Httle of this difference is reflected [9] in the phase shifts except for 
inter-nucleon P- and D- states. This, of course, is expected as the potentials have been 
constructed to reproduce the same phase-shift data. 
Figures 2.4(a, b, c) show the energy dependence of the phase shifts for some important ('So, 
^Si, ^D]) inter-nucleon states. We note that the phase-shifts resulting from the two potentials 
are very similar at low energies, <50 MeV. This ensures tl\at the two potentials give good 
agreement with the low energy scattering length and effective range parameters. As the 
incident laboratory energy increases beyond 50 MeV the differences in the inter-nucleon 
phase-shifts from the two potentials starts to show up, as discussed below. 
Figures 2.4(a) and (b) show the phase-shifts for the singlet *So and triplet ^S\ slates 
respectively. We note that the phase-shifts predicted by the two inter-nucleon potentials are 
quite close and that the v-14 is marginally more attractive than the Hamada-Johnston in the 
'So state. Further the HJ 'So -phase becomes negative at about 250 MeV while v-14 phase-
shifts changes sign at about 300 MeV incident lab energy. In ^Si-state the phase-shift shows 
that the HJ potential is slightly more attractive than v-14. However, it is important to note 
that the resulting optical potential for v-14 is more attractive than from HJ even for "^ Si slate 
(The reason for this behavior is discussed in the next subsection 2.7.2). 
Of the four inter-nucleon P-states, the 'Pj and ¥2 phases predicted by the two potentials are 
hardly distinguishable. Although the P^o phases peak at about the same incident lab energy, 
55 MeV, the Hamala-Johnston potential is slightly less attractive as compared with v-14 
between 50-200 MeV, While v-14 being in better agreement [3] with the nucleon-nucleon 
phase-shift data and Paris potential [13]. 
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As discussed in ref. [9], the HJ potential has difficulties ir. fitting ^Sj-^ Di and D^z phases 
simultaneously. We find (as shown in Fig. 2.4(c)) that the HJ potential is more repulsive in 
the ^Di state as compared with the soft-core v-14, which is in good agreement [3] with Paris 
potential [13]. The phase-shifts in the ^Ds -state, though differ for the two inter-nucleon 
potentials, its magnitude is quite small hence it does not affect the nucleon-nucleon scattering 
results significantly. Similar differences are present for the phase-shifts in the F-states, where 
the experimental data is not accurate enough to distinguish between die two intemucleon 
potentials. 
The phases in other higher angular momentum states differ for the two inter-nucleon 
potentials; however, their contribution to the nucleon-nucleon scattering cross section as well 
as to the nucleon-nucleus optical potential is quite small. We would conclude that the 
Hamada-Johnston and v-14 potentials do ^ve rather similar phase-shifts overall. At low 
energies the results are very similar indeed. However at higher energies the HJ potential is 
more attractive in S^i and ^ i states. The v-14 potential is more attractive in 'So, ^ o, ^Di and 
^ 3 states. The most significant differences arc in *So and ^ i states implying that the effect 
of the v-14 potential is overall slightly more attractive. We consider that the work of refs. [3, 
13] indicates that the v-14 potential is more reliable. 
(2.7.2) Microscopic Optical Potential from Hard and Soft Core 
Intemucleon Potential: 
Tables [1] and [2] show our results of the nuclear matter potential at kF=1.4fm"\ 
(approximately corresponding to the density at the center of a nucleus) in different 
intemucleon states from the use of v-14 and HJ at two nucleon energies; 30.3 and 200 MeV. 
We have chosen these energies to show the changes in the calculated potential with energy. 
These Tables show the contributions of various partial waves to the calculated central parts 
of the nuclear matter optical potential. At 30.3 MeV we see (Table [1]) that the inter-nucleon 
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'So and S^i states contribute about 8 MeV to the greater depth of the optical potential 
calculated from v-14 as compared with that derived from HJ potential. The differences 
between 'So and ^Sj phase-shifts resulting from the two potentials are quite small at low 
energies and these differences are of opposite signs at medium energies (see Fig. (2.4)). 
Therefore, it seems that the effect of the Pauli operator in the Bethe-Goldstone Equation is to 
cause more attraction from a soft core potential, v-14, than a hard core HJ potential. 
Turning now to Table [2], we see that the difference between the optical potentials from the 
inter-nucleon S^i states becomes smaller at 200 MeV. This is expected, as there would be a 
weakening of the Pauli effect at these energies. However for 'So state we find no effect of the 
relaxation of the Pauli operator and the greater attraction from a soft core potential is 
marginally more at 200 MeV than at low energies (see Table 1). It seems that this is due to 
the free v-14 slightly more attractive than HJ at 200 MeV (v-14 phase-shift is about 5° more 
than HJ phase shift at 200 MeV as shown in Fig. (2.3)). The situation is reversed for the case 
of S^i state as far as free space phase shifts are concerned (as shown in Fig. (2.4)). Further 
this state has tensor coupling to ^Di state, which is suppressed at low energies due to Pauli 
effect. At 200 MeV the total S-state contribution is only about 4 MeV to the greater depth 
from the v-14 potential. Also we note that of the four inter-nucleon D-states, ^Di and D^a 
contribute significantly to the greater depth of the optical potential. We find that the net 
contribution of the inter-nucleon D-state to the greater depth of the optical potential is about 
4 MeV. Of the four P-states the major contribution to the optical potential comes from the 
greater repulsion from P^i state for v-14. As a result of this cancellation the total P-state 
contribution for v-14 is about 1.6 MeV more repulsive than for HJ potential. This helps in 
reducing the difference, though marginally, between the calculated optical potential from the 
two inter-nucleon potentials considered here. 
The contribution of the higher partial waves to the greater depth for v-14 is quite small at low 
energies. However, at 200 MeV, the G-states contribute about 2 MeV to the deeper potential 
from v-14 as compared with HJ potential. This is about 20% of the difference between the 
calculated optical potential from the inter-nucleon potentials at 200 MeV. Further Tables [1] 
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and [2] show that 61 % additional attraction for v-14 comes from S^ and D^ states at both the 
energies considered here. 
In view of the above results we can conclude that the greater depth of the calculated real 
central optical potential for the soft core potential as compared with HI inter-nucleon 
potential comes mainly from the inter-nucleon S- and D- states over the whole energy range. 
From Tables [1] and [2], we see that only a comparatively small part of this greater depth 
arises from the different predictions of the inter-nucleon phase-shifts and substantial 
contributions as a consequence of the Pauli principle. 
A qualitative explanation of the importance of the Pauli principle is easily seen. An 
approximate way of handling the Pauli principle in nuclear matter is the reference spectrum 
method [11]. The approximation consists of replacing the normal boundary conditions for 
large inter-nucleon separations by an exponentially decaying term. Thus the Pauli principle 
arising from other nucleons has the effect of compressing a particular two-nucleon system, an 
effect rather intuitively obvious anyway. Thus the two nucleons interact more with the 
strongly repulsive region in the presence of the Pauli principle than in its absence. Further as 
pointed out in ref. [14] that the Pauli effects are larger for inter-nucleon potentials which 
have a slightly stronger tensor force than those which have a weaker tensor force. Hence we 
anticipate that the use of HJ potential, with an infinitely repulsive core, will give rise to a less 
attractive optical potential, as the effect of the Pauli principle increases. 
(2,8) Results and Discussion; 
We have been able to obtain a self-consistent microscopic nucleon nuclear matter optical 
potential for the incident local momentum k: 0 < k < 6 fm''. Our results at several values of 
kp would be helpful in obtaining optical potential for finite nuclei using local density 
approximation (discussed in chapter 3). We have been able to do these calculations using 
both a soft core v-14 and a hard core intemucleon potential. Fig. 2.2(a) and (b) illustrate the 
real part of the calculated nuclear matter optical potential (NMOP) as a function of the 
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incident local momentum at various Fermi momenta, ranging from 0.60 fm'' to 1.80 fm"', 
making use of Urbana v-14 realistic interaction. The results indicate the following. Firstly, at 
the low incident momentum (i.e. low incident energy) the real NMOP remains attractive and 
its strength smoothly decreases with decreasing nuclear matter density. Secondly, at high 
energy, k around 3.80 fm'\ the real potential becomes repulsive for a high nuclear matter 
density though remains attractive for small densities (small kp) up to quite high values of k. 
This indicates that if one uses a simple local density approximation to obtain optical potential 
for finite nuclei one should obtain a shape resembling the wine bottle bottom type of real 
potential. Further, these changes suggest that the radial shape of real potential changes 
substantially with increasing energy. 
In Fig. 2.1(b) we show the imaginary part of the calcuiated NMOP as a function of incident 
local momentum at various Fermi momenta from 0.60 fm'' to 1.80 fm'', using Urbana v-l4 
realistic interaction. Fig 2.1(b) indicates the following, firstly; the imaginary NMOP remains 
attractive at all incident momenta. Secondly, at low incident energies (small value of k) the 
calculated imaginary potential is small, for high kp and large for low kp values. This indicates 
a surface enhancement in the imaginary potential for low incident energies. 
Fig. 2.2 (c) and (d) illustrate respectively the calculated real and imaginary NMOP using 
Hamada-Johnston hard - core interaction .The curves shown in Fig. 2.1 (a)' are qualitatively 
similar to the ones shown in Fig. 2.1(a), except that the use of Hamada-Johnston interaction 
gives a real potential which is less attractive as compared with the results using Urbana v-14 
realistic interaction. The results for the calculated imaginary potential are also similar 
(compare Figure 2.1 (d) with Figure 2.1 (c)). 
The results of our calculations for NMOP (Figure 2.2(a). (b), (c), (d)) using Hamada-
Johnston and Urbana v-14 realistic interaction agree with a recent calculation of Arellano et 
al. [153 (see Fig 1 and 2 of ref. [15]). 
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As a result of our self-consistent calculation of the optical potential for nuclear matter we can 
easily calculate the energy per nucleon for nuclear matter, shown in Figure (2.3). The 
empirical saturation point is deduced by an extrapolation from the properties of finite nuclei 
(shown as rectangle in Figure 2.3). Empirically the nuclear matter saturates at a density 
p^ =0.17 ± 0.02^"' and energy per particle Go = -16 ±1 MeV [12] the equilibrium value for 
the inter-particle spacing is ro = 1.13 ± 0.04 fm and that for Fermi momentum is kp = 1.35 ± 
0.05 fm'. 
The results of calculations are shown in Figure (2.3). The curves labeled UR (BB) is the 
results of our calculation for nuclear matter energy per nucleon as a function of nuclear 
matter density when Urbana v-I4 interaction is used. Similarly curve labeled HJ (BB) in 
Figure (2.3) refers to the result of our calculation when Hamada-Johnston interaction is used. 
We have also shown in Figure (2.3) the results of calculation using variational approach [3] 
v.'ith Urbana v-14 interaction denoted by UR (PL) in Figure (2.3). Empirical saturation point 
of nuclear matter lies inside the rectangular box shown in Figure (2.3), We note that the 
lowest order Brueckner theory using Urbana v-14 realistic interaction gives rise to a nuclear 
matter which saturates at kp = 1.6 fm'' and E / A = -19.3 MeV. Thus it predicts an over 
binding of the infinite nuclear matter at larger density. The use of HJ interaction gives rise to 
a nuclear matter which saturates at kp = 1.33 fm"' and E / A = - 12.4 MeV. Though the 
saturation density is quite close to the empirical value, however, the predicted energy is too 
low as compared with the empirical value. Thus the density is correct but the system is under 
bound. Finally, the results obtained from two different approaches - Brueckner theory and 
the variational approach using Urbana v-14 interaction are qualitatively similar. Both 
approaches give rise to a large saturation density and an over binding of the nuclear matter. 
In particulars, the Brueckner theory compared with the variational approach predicts 
mai^ ginaJly greater binding energy (by about 2 MeV per particle) at a comparatively lower 
saturation density. So our results show that the hard core HJ interaction results in under 
binding while the soft core v-14 over binds the nuclear matter by about 8MeV at a density 
higher than that of the normal nuclear matter [15]. A similar observation about the 
differences in nuclear matter binding energy from hard-core and soft core intemucleon 
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potentials has been made by Bethe [11], Bethe and Rajaraman [11]. However these 
di^erences were not investigated in detail by these authors. Energy being the sum of 
repulsive kinetic and attractive potential energy implies that its larger value is directly related 
to larger real part of the calculated optical potential. Our results show that the calculated real 
part from the soft core v-14 is about 10 MeV more attractive as compared to the real 
potential obtained using hard core HJ interaction over tt.e whole energy region (l-200MeV). 
This trend continues for negative energies also. Hence the resulting binding energy of normal 
nuclear matter is more for v-14 as compared with that from the use of HJ intemucleon 
potential. It is obvious from the figure that both the potentials considered in the present work 
do not reproduce the experiment saturation property shown by the rectangle in Figure (2.2) of 
normal nuclear matter. This is a well-known difficulty [12] (known as Coaster Band) of all 
first order calculations in Brueckner theory. It is satisfying to note that our results using first 
order Brueckner theory are in qualitative agreement with the results using HP'NC calculation 
in so far as higher binding from soft core potential is concerned. Our results are also in 
agreement with observation made in ref. [3,11,12]. It seems that the higher order effects are 
important to get correct binding energy of normal nuclear matter. 
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Figure Captions 
Figure 2.1; 
Result of self-consistency obtained for the single particle potential as a function of incident 
Fermi momentum kF=1.4fm''. 
Figure 2.2(a): 
Real part of calculated nuclear matter optical potential verses incident local momentum for 
Fermi momenlums between 0.60 F ' and 1.80 F'\ using Urbana v-14 soft-core interaction. 
Figure 2.2(b): 
Imaginary part of nuclear matter potential verses incident local momenta for Fermi momenta 
between 0.60 F ' and 1.80 F \ using Urbana v-I4 soft-core interaction. 
Figure 2.2(c): 
Real part of nuclear matter potential verses incident local momentum for Fermi momenta 
be-ween 0.60 F ' and 1.80 F ' , using Hamada-Johnston hard-core interaction. 
Figure 2.2(d): 
Imaginary part of nuclear matter potential verses incident local momenta for Fermi momenta 
between 0.60 F ' and 1.80 F \ using Hamada-Johnston hard -core interaction. 
Figure (2.3): 
Nuclear matter energy per nucleon as a function of Fermi momentum. Curves labeled UR 
(iJB) and HJ (BB) are our calculations using Urbana v-14 soft-core and Hamada-Johnston 
hard core interactions respectively. Curve labeled UR (PL) corresponds to the variational 
calculation of Lagris and Pandharipande [3].empirical saturation point of nuclear matter lies 
inside the rectangular box shown in the figure. 
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Figure 2.4 (a): 
The 'So phase shifts from the hard core HJ potential and soft core v-i4 intemucleon potential. 
Figure 2.4 (b): 
The ^ Si phase shifts from the hard core HJ potential and soft core v-14 intemucleon potential. 
Figure 2.4 (c); 
The ^ i phase shifts from the hard core HJ potential and soft core v-14 intemucleon 
potentials. 
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Table : 1 Contribution of some intemucleon states to the calculated nucleon-nuclear matter 
optical potential using Hamada -Johnston and Urbana v-14 potential at 30.3 MeV for Kf 
=1.40 fm' 
State 
'So 
% 
'P2\ 
^Po 
^Pl 
'Pl 
^Di 
% 
D^2 
^D2 
Total (S) 
Total (P) 
Total(D) 
Total (F) 
Total(G) 
TotaKH) 
Total 
Hamada Johnston 
V{MeV) 
-20.549 
-28.531 
-22.074 
-5.446 
24.267 
+8.008 
+3.776 
+0.003 
-8.907 
-12,110 
-49.080 
+4.755 
-17.239 
+3.807 
-3.259 
+1.1619 
-59.397 
W(MeV) 
-0.644 
-1.369 
-0.264 
-0.034 
-0.327 
-0.115 
-0.242 
-0.018 
-0.042 
-0.196 
-2.013 
-0.740 
-0.498 
-0,038 
-0.029 
-0.004 
-3.321 
Urban v-14 
V(MeV) 
-24.199 
-32.988 
-24.419 
-6.213 
26.241 
+8.984 
+3.561 
-0.828 
-8.937 
-13.168 
-57.188 
+4.593 
-19.422 
+3.882 
-3,823 
T1.817 
-70.140 
W(MeV) 
-1.486 
-3.068 
-0.491 
-0.082 
-0.661 
-0.238 
-0.289 
-0.033 
-0.069 
-0.380 
-4.554 
-1.473 
-0.773 
-0.075 
-0.054 
-0.006 
-6.934 
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Table: 2 Same as Table (1) but at 200 MeV. 
State 
% 
% 
^P2 
P^o 
P^l 
P^l 
^Di 
D^3 
^D, 
D^z 
Total (S) 
Total (P) 
Total(D) 
Total (F) 
Total(G) 
Total(H) 
Total 
Hamada Johnston 
V(MeV) 
+1.121 
-2.959 
-28.945 
+2.045 
+27.541 
+10.549 
+7.582 
-1.289 
-15.161 
-13.549 
-1.838 
+11.188 
-22.417 
+2.601 
-5.615 
+3.186 
-12.894 
W(MeV) 
-0.818 
-1.903 
-4.088 
-0.383 
-6.409 
-2.990 
-2,533 
-0.348 
-1.151 
-2.603 
-2.720 
-13.869 
-6.636 
-0.881 
-0,807 
-0.124 
-25.037 
Urban V-14 
V(MeV) 
-2.619 
-3.332 
-29.710 
+1.919 
29.730 
+10.886 
-*-5.126 
-2.158 
-14.914 
-14.270 
-5.952 
+12.826 
-26.217 
+3.432 
-7.477 
+3.323 
-20.065 
W(MeV) 
^0.875 
-1.605 
-4.372 
-0.442 
-7.579 
-3.155 
-1.150 
-0.336 
-1.101 
-2.889 
-2.481 
-15.547 
-5.477 
-0.741 
-0.889 
-0.135 
-25.270 
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Figure (2.1) 
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0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 
k,(fm-') 
54 
Figure (2.4) 
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Chapter 3 
(3.1) INTRODUCTION; 
Nucleon-Nuclear matter optical potential can be calculated in infinite nuclear matter as a 
function of matter density and local momentum starting from a realistic intemucleon 
interaction with in the framework of first order Brueckner theory. The calculation of optical 
potential for a finite nucleus essentially involves various forms of local density 
approximation [1-6]. In this chapter we have used the approach suggested by Brieva and 
Rook [2-4]. It should be noted that we do not use the generalized reference spectrum method 
[2-4] but solve the integral equation using matrix inversion technique described in the 
previous chapter. The basic idea behind this approach Is that radial dependence of the 
effective inter nucleon interaction, the g-matrix is obtained by imposing the condition that the 
matrix element of g reproduces the nucleon-nuclear matter optical potential. The g-matrix is 
then folded over the point nucleon density inside the nucleus to give a nucleon-nucleus 
optical potential. The microscopic optical potential thus obtained is used to calculate the 
differential cross-section, analyzing power and reaction cross section for the elastic scattering 
ofnucleons. 
In the recent past Amos et al. [7, 8] have developed a full folding, non-local nucleon-nucleus 
optical potential that has been quite successfully applied to predict various observables 
concerning the scattering of nucleons. The potential [7, 8] is non-local and hence its 
comparison with our calculated and empirical local potentials is not possible. The modified 
semi-microscopic optical potential of Jeukenne-Lejeune-Mahux (denoted as JLM) [1], has 
also been applied by many authors [9, 10] to study the nucleon scattering observables. 
However, refs. [1,10] use the old Reids [11] hard-core interaction, which has different hard-
core radii in different inter-nucleon states, they calculate the nuclear matter potential and then 
introduce a plausible external range parameter of the effective interaction to obtain the radial 
dependence of the nuclear potential. Further the JLM [1] approach does not give the spin-
orbit part of the potential. Yamaguchi-Nagata-Matsuda (to be denoted by YNM) [12] have 
used the old Hamada-Johnston hard core inter-nucleon potential [13] and solve the Bethe-
Gcldstone integral equation (unlike the BR case who have used the modified reference 
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spectrum method) to obtain reaction matrices g (denoted as t in ref. [12]). For convenience of 
use by others they have parameterized their g-matrices. However, they do not calculate the 
imaginary part of the spin-orbit potential, which is important at intermediate nucleon 
energies. The present author, in collaboration with others [5, 6, 14] has developed the 
effective interaction code to calculate the numerical g-matrices using the old Hamada-
Johnston [13] hard-core and also a more modem soft-core Urbana v-14 [15] inter-nucleon 
potential after solving the Bethe-Goldstone integral equation. Appropriate combinations [2-4, 
14] of g-matrices (gpp , gpn , gnn, and gnp ) are then folded over point proton and neutron 
densities to obtain the nucleon-nucleus optical model potential. Equivalent local 
approximation [2-4, 12] is used for the exchange terms to obtain a fially local microscopic 
optical model potential. The present approach, as compared with the non-local optical 
potential of ref. [7, 8], would help avoid solving the integro-differential equation to obtain 
observables for nucleon scattering. Further the calculated local microscopic optical model 
potential can be easily compared with the empirical potentials. The calculated potential has 
been applied successfully in the past to analyses the scattering of protons from ^  Ca [9, 14]. 
An attempt is made in the present work to extend the application of the above approach to the 
scattering of protons over a wider energy and mass region of targets. 
In section 3.2 and 3.4 we describe briefly the procedure for obtaining radial dependence of 
two nucleon g-matrices and the Local Density Approximation (LDA) for calculating the 
different components (direct central, exchange central, direct spin orbit and exchange spin-
orbit parts) of the nucleon-nucleus optical potential. 
In section 3.4 we describe the effective mass correction [16] to the optical potential as given 
in ref. [6]. 
In section 3.5 we discuss the results of our calculated optical potential for the scattering of 
protons from ''Si, '^ ''Ca. ' ^ i , ^^Zx, '°«Pb. 
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We have performed calculation using both the Urbana v-14 soft-core [15] and Hamada 
Johnston hard-core [13] realistic interactions. In the present work we have used the proton 
densities of Patterson et al [17] obtained from electron scattering data, for neutron point 
density we use the simple prescription pn(r) = N/Z pp(r). 
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(3.2) Radial Dependence of g-matrices: 
In order to calculate the radial dependence of the nucleon-nucleon effective interaction, g-
malrix, we follow the approach proposed by Siemens [18]. Instead of imposing the 
requirement that the approximate g should reproduce the binding energy of nuclear matter 
when it is used in lowest Bom approximation we define g so as to reproduce the nuclear 
matter complex optical potential. This condition allows us to obtain radial dependence of g-
matrices as in ref [3]; we briefly describe the procedure in the following. 
We consider a nucleonwith energy E and momentum k moving in an infinite symmetric 
nuclear matter of matter density PNM and Fermi momentum kp related by 
The energy E and momentum k are assumed to be related by 
E = A l + R e [ U(k^;k,E)] (2) 
2m 
where m is the nucleon mass and U (k?; k, E) is the single particle complex optical potential 
felt by the incident nucleon. This nucleon collides with a bound nucleon with momentum p 
with ipl < kp. We introduce the total and relative momentum for the nucleon pair, 
Ko = k+p , 3(a) 
ko=(k-p)/2, 3(b) 
and recall r their relative coordinate. The radial part of the correlated wave function of the 
two nucleons U^L- „ (r) is calculated as discussed in chapter 2. L, S and J refer to the orbital 
angular momentum, total spin and total angular momentum respectively of the nucleon pair. 
Angular momentum L' allows for the tensor coupling in the intemucleon interaction and a 
represents the dependence of the wave function on E, k, p andn 
A diagonal representation of g in coordinate space is easily obtained fi*om (see Equation 21 
in chapter 2) 
< 0 | g | < & > = < 0 | V | V > , (4) 
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where [(j)) is a plane wave state characterized by the relative momentum of the pair, V is the 
realistic intemucleon potential and (i|/) is the correlated two-nucleon wave ftmction. 
We obtain the radial dependence of the reaction matrix g, in states of L, S, J quantum state of 
the two interacting nucleons [3,4], which would satisfy Equation (4): 
S I ^ ' . ( O v - ^ ( ^ ) U ' ^ ^ . „ ( r ) (5) 
HrrKio 
p < k , 1^ 
7 S 
where lL(r)= korJL(kor), withJL(x) the spherical Bessel function of order L, and V ' ,(r) are 
TJ3 the matrix elements o:' realistic mtemucleon force and U,7,„(r) is the radial part of the 
correlated two nucleon wave function. For singlet states, the sum over L' in Equation (5) does 
not apply. In triplet states it is convenient to have a J-independent interaction, namely 
L+I 
2 [ 2 J + l ]g [ ' '= ' ( r ;p , „ ,E) 
For practical purposes and computational simplicity an L-independent effective interaction 
can be defined in states of spin S and isospin T 
I I'^-^'ib'-^riM-^^^ ^ ' L ( ^ > (7) 
where the sum over L is over even or odd values so as to have negative total parity. The g 
effective interactions are complex and function of density and energy. 
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For incident protons we define the quantities, g^' and g„ ' , the direct part of the central 
PP and pn effective interactions respectively as: 
g ° " = 7 ( 8 ° ' + 3 g " ) > (8) 
and 
g?™ =7(3g ' ° +g° ' ^ g ^ + S g " ) . (9) 
o 
For the exchange part of the central pp and pn effective interactions we define the quantities 
g f ' " = T ( g - 3 g " ) . (10) 
gc = ^ (^g + S - g - 3 g ) . UU 
Similarly, gso'''*and gj^ '^ are the direct parts of the spin-ori)it pp and pn effective interaction 
respectively and are defined [4] by: 
and 
g^o" = g^ o ' (^2) 
©so 2 * ^ 5 0 ' 
^^ &^'^^ ^^ Sso '*'^ * ^ ^ exchange part of the spin-orbit pp and pn effective interactions 
respectively are defined by: 
'SO ~ "6S0 ' 
^EX.PP 11 . . -. 
and 
^••'^ = - r e " - e" ^ • (15) 
so 2 ^ ^so •' 
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Thus using Equation (7) we can easily calculate different components of effective interaction 
(Equation 8-15) to be used in the next section to calculate the proton-nucleus optical 
potential. 
(3.3) Folding Procedure: 
The nucleon-nucleus optical potential, M is written as the sum of a local direct term and a 
non-local exchange term [2-4], namely 
Mvt/(r,) = I J (t-I (r^  )g° (|r,.r2|,p(R),E)(t)„ (r^ )d'rjV(/(r,) 
n 
+ 'Zj^l(h)S^''ih-4p(.^).^Mr2)d\t(h) (16) 
n 
where rj and T2 refer to the radial coordinates of the incident and the bound nucleons 
respectively, (J (r ) is the bound-state single-particle wave function with n representing the 
appropriate quantum numbers and g° and g^'' are the direct and exchange effective nucleon-
nucleon mteractions. Both g° and g^^ have essentially the following structure 
g(ri,r2:E) = gc(ri,r2:E) + gso(ri,r2:E)L.3 + otherterms (17) 
That is a central plus a spin-orbit component of the NN effective force. From Equation (16), 
it is convenient to define a local equivalent optical potential, U, by 
U(r,.E)M/(r,)= J M (r,, r,': E )v|/(r, ')r, ' (18) 
where Hf (u) is the scattering wave function of the incident nucleon. The nucleon-nucleus 
optical potential can now be written in the standard form cieglecting the tensor part): 
U(ri,E) = Uc(ri,E) + Uso(r,,E) (19) 
where 
Uc(r,.E) = -V(r,,E) - iW(r,,E) (20) 
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and 
Uso(ruE) = [V«,(r,,E) + iWso(r,,E)] li.s, (21) 
refer to the central and the spin-orbit component of the nucleon-nucleus optical potential. In 
Equation (21), li and Si= —oare the incident nucieon orbital angular momentums and spin 
respectively. 
The evaluation of the effective NN interaction, g^ and g^'', in finite nuclei is quite difficult 
However, a hypothesis [2-4] is made that these effective interactions in finite nuclei can be 
approximated by the local, density and energy dependant effective interactions calculated in 
infinite nuclear matter, i.e.: 
g^-^ (r ,r ;E) « g ' ' ' ^ ( |r - r I ) : p ( R ) , E ) ' (22) 
where p(R) is the nuclear matter density at 
R = (r, + r2,/2 (23) 
Using Equations (16), (18) and (22) we can obtain the local equivalent nucleon-nucleus 
optical potential, U (ri, E). 
(3.4.1)Direct Part of the Central Optical Potential; 
In this subsection, we discuss the calculation of direct component of the central optical 
potential. The expression for the direct central optical potential is given by: 
n 
Equation (24) can be written, in term of the single-particle density distribution in the target 
nucleus, as 
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U ^ ( r , , E ) = j p{r2)g^( | r , - r 2 | ; p ( R ) , E )d'T, (25) 
where 
P(z) = l fjz)^J^) (26) 
n 
is the single-particle density distribution. For incident protons, we incorporate in Equation 
(25), the differences between neutron and proton matter densities and pp and pn effective 
interactions. The expression for the direct component of the central optical potential for 
incident proton can be written as 
U?' '(r, ,E)= /Pptr^ge'-^dr, -r, | ;p(R),E )dr, 
+ /p„ ( ' - , )gc ' " ' ( | r . - r J ; p ( R ) , E )dr (27) 
Equation (27) coupled with Equations (8) and (9) is used to calculate the direct part of central 
component of the optical potential. 
(3.4.2) Exchange Part of the Central Optical Potential: 
The exchange part of the central optical potential can be written as 
U f (r , .E)v(r,) = X J f „ ( r , ) g f ( |r, - rJ ;p(R).E )<|,„(r,)v(r,)dr, -•(28) 
n 
We use the equivalent local approximation [3] to factorise out y (rO from Equation (28). 
In order to include the difference between proton and neutron matter densities and the 
difference between pp and pn central effective interactions, we write the above Equation (28) 
in the following form 
U f ' ' ( r , , E ) = / p , ( r , , r j g - " ( | r , - r , | ; p ( R ) . E )j„ ( k |r, - r, | )dr , 
+ / p „ ( r , , r , ) g f • - ( j r , - r J ; p ( R ) , E )j„( k | r , - r , | )dr, (29) 
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where 
PC' , y) = Z * ' (X)* (y) ^^ ^^  
n 
is the single particle mixed density. 
The proton and neutron single-particle mixed densities in Equation (30), in the first 
approximation, are given by the first term of an expansion proposed by J. W. Negele et al. [16] 
i.e. 
with s = Iri-r2l, and kp being the magnitude of Fermi momentum. 
(3.4.3) Direct Part of the Spin-Orbit Optical Potential: 
In this subsection we present the commonly used prescription [4-6] for obtaining the direct 
part of the spin-orbit potential under the short range approximation. The direct part of the 
spin-orbit optical potential [4] is given by; 
U^{r,.E) = 2 : l * : ( r , ) g ^ ( | r , - r , | ; p , E )l.s*„(r,)dr, (32) 
n 
The product l.s in Equation (32) can be written as 
I.S = r x p . s = _ ( r , - r j x ( p , - p j . ( s , + S 2 ) » (33) 
where pi(p2) and S|(s2) refer to the momentum and spin vectors of the incident (bound) 
nucleons. Changing the interaction variables in Equation (32) to x = ri - ri we obtain: 
1 
^ ^ ( ^ * ^ > = - - H P(k -^  x | ) g ^ ( x ; p . E ) x d x 
2 
^^P,~P^Us,•rS,) ] . (34) 
where 
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P( | r , + x | )=Z<t>'„(r ,+x)( t .„(r ,+x)- (35) 
n 
The integration over p2 vanishes, since no direction of the bound nucleon is preferred, while 
the sum over the bound nucleon spin S2 is zero for a spin zero nuclei. This gives us 
USO(>-PE) = - T I P ( K - ' H )gs''o('';P.E)xdxxp,.s, (36) 
The expression given by Equation (36) is exact. It can be approximated in coordinate space 
provided the direct part of spin-orbit force is of sufficiently short range .Nuclear density can 
be expanded around x = 0 
p(r, + X) = p(r,) + x.[V ^ p(r, + x)]^^^ + (37) 
Using Eq. (37) in Eq. (36) we get to the first order in the derivative of the density 
U ^ ( r „ E ) = 4 n B ° ( p , E ) l M O , , , , (38) 
3 r, ar, 
where B'^( p, E) is given by 
B ' ' ( P , E ) = Jgs'*o(x;p,E)x'dx (39) 
If we include the difference between the proton and neutron densities, we obtain the 
following expression for the direct part of the spin-orbit optical potential for mcident protons: 
uS,-'(VE) = - j ' t Jgso (x ;p ,E)x dx - • ; - P p ( r , ) 
r. or, *^ I " " I 
+ jgS>"(x;p.E)x*dx l A p (r,) 
r, 5r, 
! . . « . ^''^ 
(3.4.4)Exchange Par t of the Spin-Orbit Optica! Potential: 
In this subsection we present the final expression [4] for calculating the exchange part of the 
spin-orbit potential under the short range approximation. 
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When the difference between the proton and neutron densities and the difference between 
exchange part of pp and pn spin-orbit effective interactions are included, the expression for 
the exchange spin-orbit optical potential for the incident proton can be written as: 
u '^^  
(44) 
-»• f l g : r " ( x ; p , E ) j . ( k x ) x M x l ^ p . ( r , ) 
k r. ar . 
I . . S 
(3.4)Effective Mass Correction: 
In this section, we describe the calculation of effective mass correction [6] used by us to the 
calculated optical potential .This treatment of the effective mass correction slightly differs 
from that generally used [16]. We show that both the real and imaginary parts of the central 
and the spin-orbit components of the optical potential get modified 
The optical potential U(k) = V(k) + i W( k) for a nucleon of energy E satisfies the follov^ng 
relation 
h^k^ 
2m 
+ V ( k ) + iW (k) = E (3.4.1) 
Here in Equation (3.4.1) we have suppressed the spin and other variables for the sake of 
convenience only. The local momentum k© of the incident nculeon, at which the g-matrix 
calculations are done to determine U(k) is calculated using only the real part in the following 
equation: 
h^k = 
1 ^ V(k ) = E ^^•^•2) 
2m 
Therefore we are in error when we use the optical potential calculated at ko' in Eq. (3.4.1). If 
the potential U(ko) does not vary strongly with k the error in using U(ko) in Eq. (3.4.1) can 
be easily calculated and is called the effective mass correction. The results may be obtained 
as follows. 
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be easily calculated and is called the effective mass correction. The results may be obtained 
as follows. 
If we expand V(k) and W(k) around ko^ and retain only first-order terms and then using 
(3A2) in (3.4.1) gives 
2 i . 2 h^k 
2m + V(kJ + 
iW(kJ 
1+ - + 1 
= E (3.4.3) 
Comparing Equations (3.4.1) and (3.4.3) gives 
U . , ( k ) = V ( k J + ^ iW (ko) 
1 + av .aw 
- - + 1 — 
dE dE Jk=k 
(3.4.4) 
The above treatment can be easily extended to include spins. Treating the spin-orbit potential 
(Vso + i Wso) <r.I on the same footing as the imaginary part and neglecting the terms like d*^  „ 
/dE (which are expected to be small) we get: 
U,p,(k)= V ( k J + iW (k J + K o (ko) + iW^o (k j j g . l ^^ -^ -^ ^ 
, ,av .aw 1 +1 +1 -
aE aE yk = k 
0 J 
Simplifying the above expression, we can write down different components (i.e real 
central,u ^ (k ) , imaginary centralu ' (k)» real spin-orbit u^ ([^ ^ and imaginary spin-
so 
orbity' (Y^\ parts) of the optical potential as 
so 
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U c ( k ) = V(ko ) + 
U ^ ( k ) = 
I + 
W (ko ) 
ey 
dE 
aw 
d3_ 
aw 
dE 
W (ko ) I -^  
dE 
av 
dE 
aw 
aE 
(3.4.6) 
(3.4.7) 
u so (k ) = 
v . i - l ^ + w so 
1 + av 
aE 
aw 
aE 
aw 
aE 
(3.4.8) 
and 
vj :„ ( k ) = so 
W 
so 
I + av 
aE 
- V so 
1 + av 
aE + 
aw 
aE 
aw 
aE (3.4.9) 
From Equations (3.4.6)-(3.4.9) we note that not only the central imaginary part is modified 
(as has been considered by various authors [16]) but the effective mass coirection should also 
be included in the real central, real spin-orbit part and imaginary spin-orbit parts of the 
calculated optical potential. This has been suggested long back by C. Mahaux [AIP 
conference [19]. The calculation of elastic scattering using Equations (3.4.6)-(3.4.9) shall 
henceforth be denoted by m*. 
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(3.5) Results and Discussion: 
Using Equation (27), (29), (40) and (44), described in the previous section, one can easily calculate 
the Nucleon - Nucleus optical potential. We have performed the calculation of proton-nucleus 
optical potential at several energies to analyse elastic scattering of p+^*Si, ^^ Ca, '*Ni, ^ ZT, ^ °*Pb ir 
the energy region of 30 MeV to 200 MeV using HJ and v-14 interactions. 
In the following we describe our results for calculated proton - nucleus optical potential from "^ Zi 
only. The behavior of calculated optical potential for other targets is similar. 
(a) Real Part of Central Optical Potential: 
The calculated real part of the central optical potential is shown in fig 3.5.1(a) for p-*°Zr 
elastic scattering at incident energies, Ep = 40.0, 65.0, 80.0, 100.4, 134.8. 160.0, 180.0 MeV, 
using Urbana v-14 realistic interaction. We have chosen these energies since extensive elastic 
scattering data for p-'^ ^ZR has been analysed by us in chapter 4. These potentials exhibit the 
following features. 
1. The potential in the nuclear interior changes rapidly with energy and the strength of these 
attractive potential decreases with increasing energy. As the incident energy increases the 
potential is assuming the famous wine bottle bottom shape. 
2. The potential remains attractive at all incident energies ranges from 40.0 MeV to 180.0 
MeV 
3. The value of the real central optical potential at the origin is about 24.0 at 180.0 MeV 
and 58.0 at 40.0 MeV 
Fig 3.5.1(a)' shows respectively the radial shape of calculated real central optical potential 
using Hamada-Johnston (HJ) realistic interaction at all energies considered above. 
The results of our calculation indicate that the use of HJ interaction gives rise to a real central 
potential which is similar to the one obtained when v-14 interaction is used. However, the 
two potentials differ in the following respects 
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1. The real central optical potential using v-14 interaction in the interior region is more 
attractive (by about 8 MeV) as compared with that using HJ interaction. It is well known 
that a soft-core intemucleon potential gives rise to a more attractive real nucleon-nucleus 
potential as compared to the use of a Hard-core intemucleon potential in Brueckner 
theory (This has been discussed in detail in chapter 2). 
2. At low energies the real central optical potential using v-14 interaction decreases 
smoothly with the radial distance, where as that using HJ interaction shows more 
pronounced enhancement at a radial distance around r = 4frn . 
3. Not only the depth but also the radial shape of the calculated potential changes with 
energy. Due to this we cannot compare the depth of our calculated potential with the 
depth of an empirical potential, which is mostiy of the Saxon-Woods type. Due to this we 
compare only the volume integrals, which are better determined by the empirical data. 
(b) Imaginary Part of Central Optical Potential: 
We now describe features of the imaginary part of our calculated central optical potential. 
Our calculations show that the imaglnaty central optical potential also exhibits strong energy 
and radial dependence. The radial behavior of imaginary central optical potential obtained 
from v-14 interaction for p-^Zr elastic scattering at incident energies Ep = 40.0, 65.0, 80.0, 
100.4, 134.8, 160.0, 180.0 MeV is shown in figure 3.5.1(b). Potentials exhibit the following 
features: 
1. The imaginary central potential is always attractive and its strength in the interior of 
nucleus increases with increasing incident energy. 
2. The imaginary central potential shows a surface enhancement at low energies. As the 
incident energy increases the position of the peak slowly shifts towards nuclear interior 
and decreases in magnitude. However in contrast with empirical potentials, although our 
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calculated imaginary potential shows surface enhancement there is stili substantial 
vo'.ame absorption even at low energies. 
3. For Ep > 80.0 MeV the imaginary central potential shows a smooth radial dependence 
and the absorption is dominantly volume in shape. 
Fig 3.5.1(b)* shows the corresponding curves for HJ interaction at energies 40.0, 65.0, 80.0, 
lOOA 134.8, 160.0, 180.0 MeV. Comparison of Fig 3.5.4 (b) and Fig 3.5.1(b)' indicates that 
most of the features of imaginary central potentials obtained from HJ interaction resemble 
those of the corresponding potentials obtained from v-14 interaction. However, the two 
potentials differ in the following respects: 
1 At all incident energies HJ interaction gives a more pronounced surface enhancement 
as compared with the use of v-14 interaction. 
2 The imaginary central potential obtained from v-14 interaction in the nuclear interior 
is slightly more attractive than that obtained from HJ interaction. 
(c)Real part Of Spin-Orbit Optical Potential: 
The real part of our calculated spin-orbit potential using v-14 interaction for p - '°Zr at 
incident energies (Ep = 40.0. 65.0, 80.0, 100.4, 134,8, 160.0, 180.0 MeV) is shown in fig 
3.5.1(c). Prominent features of our calculated real spin-orbit potential are the following: 
1. Radial shape of the calculated real spin-orbit potential is of Thomas form at all energies 
considered here. 
2. The strength of the real spin-orbit potential decreases very slowly with decrease in 
incident energy. 
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3. The peak value of real spin-orbit potential also shows energy dependence. It decreases 
with decrease in incident energy. 
The real part of spin-orbit potential from HJ interaction for p- ^Zr elastic scattering at 
energies 30.3-180.0 MeV exhibits behavior similar to that obtained using v-14 interaction as 
shown by fig.3.5.I(c)\ However, the two calculated potentials have minor differences also. 
1. At a given incident energy the real part of spin-orbit potential obtained from HJ 
interaction is smaller in magnitude than the one obtained from v-14 interaction, e. g at 
incident energy, Ep = 40.0 MeV, the real spin orbit potential resulting from HJ 
interaction shows a maximum at r = 4.70 fin and Vj^ = 0.633 MeV and a minimum at r 
= 0.05 frn and V ^ = 0.1376 MeV, where as that resulting from v-14 interaction shows a 
maximum at r = 4.70 fin Vg^ =0.7022 MeV and a minimum at r = 0.05 fin and V^^ = 
0.1498MeV 
(d) Imaginary Part Of Spin-Orbit Optical Potential: 
The imaginary part of our calculated spin-orbit optical potential using v-14 interaction for p -
^Zrat energy Ep = 40.0, 65.0, 80.0, 100.4, 134.8, 160.0, 180.0 MeV is shown in fig 3.5.1(d). 
The important features of the calculated imaginary spin-orbit potentials are the following 
1. The radial shape of the calculated imaginary spin-orbit potential is also of the Thomas 
form. The sign of imaginaiy spin-orbit potential is opposite to that of the real spin-orbit 
potential. 
2. The strength of imaginary spin-orbit potential increases with increasing incident 
energy. 
3. The peak value of imaginary spin-orbit potential shows mild energy dependence. It 
increases very slowly with increasing incident energy. 
73 
The imaginary part of our calculated spin-orbit potential using HJ interaction for p -^Zr 
elastic scattering at all incident energies considered above is shown in fig 3.5.1(d)*. The 
potential obtained from v-14 and HJ interactions are very similar to each other, except that 
the potential obtained using HJ interaction is slightly smaller in magnitude than that obtained 
using v-14 interaction in the surface region. 
We have also compared our calculated optical model potential with that of H. Sakaguchi et 
al. [20] of p-^ '^ Zr at 65 MeV (shown in Figure 3.5.2). Real part of our calculated microscopic 
optical model potential is similar for r> 4 fm with that of H, Sakaguchi et al. [20], while the 
imaginary part of our calculated optical model potential is identical beyond 6 fm. Spin orbit 
part of the calculated optical potential is in close agreement with that of H. Sakaguchi et al. 
[20]. 
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Figure Captions: 
Figure 3.5.1: 
Energy dependence of calculated optical potential optical potential for p-^Zr in energy range 
Ep» 40.0,65.0. 80.0, 100.4, 134.8. 160.0. 180.0 MeV. using Urbana v-14 interaction. 
3.5.1(a) Real central optical potential 
3.5.1(b) Imaginary central optical potential 
3.5.1(c) Real spin-orbit optical potential 
3.5.1(d) Imaginary spin-orbit optical potential 
Figure 3.5.1 (a)'-3.5.1(d)' 
Same as in fig 3.5.1 but using HJ interaction. 
Figure 3.5.2 
Comparison of our calculated optical model potential of p-^ ^Zr at 65 MeV with that of 
Sakaguchi et al. [20] 
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Figure 3.5.1 
90 p- Zr Elastic Scattering using v-14 Internucleon potential 
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Figure 3,5.1 (a'-d") 
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Figure 3.5.2 
90 p- Zr Elastic Scattering at 65 IWeV 
using v-14 Internucleon potential 
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Chapter 4 
• • 
i5^2^fe»^ 
4,1 INTRODUCTION 
In this chapter we describe our results concerning the energy and mass dependence of the 
proton-nucleus optical model potential. 
To study in detail the energy dependence of the optical potential in the energy region 30 -200 
MeV we have made a extensive optical model analysis of p-^ *Si, "^Ca, **Ni, '"Zr, °^^ Pb 
differential elastic scattering and polarization data, using calculated optical potential (as 
described in chapter 3) obtained from first order Brueckner theory, using both the Urbana v-
14 soft-core [1] and Hamada-Johnston (HJ) hard-core [2] interactions. We have also studied 
the systematic of volume integrals and mean square radii of the optical model potentials for 
the above mentioned targets. 
The numerical g-matrices (effective interaction) calculated at the specific energies are folded 
over the point proton and neutron densities of the target nucleus to calculate different 
components of nucleon-nucleus optical potential using local density approximation as 
described in chapter (3). The calculated potential consists of central, real V (E, r) and 
imaginary parts W (E, r), spin orbit real Vso (E, r) and spin orbit imaginary Wso (E, r) parts. 
The calculation of the differential elastic scattering and the reaction cross sections are done 
by using the microscopic potential U (E, r) in a spherical optical model code. Comparison 
with experimental data is done by minimizing x^  per degree of freedom by adjusting the four 
R I 
normalization parameters Xv XM X , X (as in refs.[3-5]). We use: 
so so 
U(E,r) = XvV(E,r) + iXwW(E,r) + X^ V^(E,T) +>.' Wso(E,r) 
so so 
The ideal values of X must be unity indicating that the calculated potential are in 100% 
agreement with the ones required to fit the experimental data. 
X >\{X <1) implies tttat the calculated potentials are smaller (larger) than that required by the 
experimental data. 
SO 
Incident protons are slowed down in target nucleus due to Coulomb repulsion and their 
effective energy inside a nucleus would be smaller as compared to incident neutrons of 
the same energy. Consequently the incident protons would feel a more attractive real 
potential. This effect is taken into account by calculating g-matrices for incident protons 
at an effective energy£ = £-K^, where K^  is the average Coulomb potential energy 
inside the target nucleus. In the present work V^ is calculated as in ref. [6]. 
For the data considered in this work, in energy region 30-65 MeV, we find that <^ ^^  is in all 
cases nearly zero and hence in the final analysis it was kept zero. For analyzing the proton 
scattering data we have thus only three free normalisation parameters: A^  , A^^ and Z^. We 
have tabulated the value of normalization parameters, together with volume integrals and 
reaction cross section for all targets considered here. 
2 1 Yr<T^(9i)-cr'^P(ei)l^ 1 Y 
^ i = l 
. 2 = ^ 2 + ..2 
The best fits were found by minimizing the quantity XT where 
AP"P(e:) 
5t f~ ^o"^ Xp 
X^  corresponds to differential cross section while XP is for polarization data. 
In section 4.2 we describe the results of our analyses in detail. Specifically, subsection 4.2.1 
shows the agreement obtained with our microscopic optical potential to the experimental data 
for each target at several energies. We also compare our results with empirical analysis of 
data and note that our agreement is of similar quality. In subsection 4.2.2 and 4.2.3 we 
discuss the energy dependence of the calculated volume integrals and mean square radii 
respectively. 
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In section 4.3 we present our results of the target mass number dependence of the 
microscopic proton-nucleus optical potential at three energies: 30.3,40.0 and 65.0 MeV. We 
have considered targets ranging from '^0 to °^^ Pb for which extensive differential cross 
section and polarization data are available at these energies. We have also compared our 
results with the empirical analyses of the same set of data. 
In subsection 4.3.1 we describe the results concerning the differential elastic cross section 
and polarization data at three energies for all targets. Subsection 4.3.2 describes the mass 
number dependence of the MSR at 30.3,40 and 65 MeV. 
Recently, Karataglidis and Chadwick [7], using the predictions of the microscopic optical 
potential developed by Amos et al. [8, 9] have been able to obtain satisfactory agreement to 
the 65.0 MeV proton scattering data from '*0, ^^Si, '***Ca, ^*Ni. '^Fe, '^ 'Zr and ^ '^'Pb. The 
choice of these targets is dictated by the availability of both neutron and proton scattering 
data [10-12] at this energy. In the present work we have chosen the same set of targets and 
studied the mass number dependence of the optical potential. 
We compare our results (in section 4.3) at 65.0 MeV with those of Sakaguchi et al. [11] (to 
be denoted as Kyoto) and with the empirical analysis of Fricke et al. [12] at 30.3 and 40 
MeV. The agreement with the proton scattering data considered here is satisfactory for both 
v-14 and HJ potentials at all energies and targets considered here. The v-14 potential gives 
marginally better results. We also calculate the mean square mdii (MSR) of the microscopic 
real part of the optical potential and show that it exhibit linear dependence with A^ (where 
A is the mass number of the target). This result is in agreement with those of refs. [11-13], 
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(4>2) Energy Dependence: 
(4,2,1) Differential Elastic Scattering and Polarization: 
A.fSi 
Figure 4.2.1 (a) shows the best fit obtained for the proton elastic scattering at incident energy 
Ep =30.3, 40.0 ,65.0, 79.1, 99,0. 153.0. 180.0. 198.1MeV from "Si. Figure 4.2.1 (a)' 
represents our fits to the analyzing powers of proton elastic scattering at the respective 
energies. Figures show that we are able to obtain a satisfactory agreement at all incident 
energies for both diffi^ rential cross sections as well as for the analyzing power data over the 
whole angular region. However, only at 79.1 and 99.0 MeV the agreement is not satisfactory. 
The normalization parameters X's are given in Table (4.2.1(a)). 
The average normalization over the entire energy regions for both HJ and v-14 are given 
below: 
Average normalization for the real potential X^: 
>^=0.859(HJ),0.825(v-14), 
for the imaginary potential X^ : 
C=0.818(HJ),0.8I9(V"14). 
and for the real spin-orbit potential A^Q ' 
XZ =0.919(HJ),0.874(v-14). 
We note that all three normalizations are close to unity, thus the calculated potential is a 
fairly good representation of the optical potential for p-^ *Si over the energy region (30 - 200 
MeV). Further our results are of comparable quality to the empirical analyses [10-12. 14]. 
Figures 4,2.1 (a) and 4.2.1 (a)' show that both the HJ and v-14 give agreement of similar 
quality, however, smaller value of x^ /DF for v-14 (see table 4.2.1 (a)) interaction shows that 
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the microscopic optical potential from v-14 gives margirally better agreement than HJ (see 
table 4,2,1 (a)*) at all energies considered here. 
B/°Ca: 
The results of our microscopic optical model analyses for elastic scattering data of proton 
from '*°Ca at incident energies Ep = 30.3, 40.0, 65.0, 80.0, 100.0, 160.0 and 181.0 MeV are 
shown in Figures 4.2.1 (b) and 4.2.1 (b)'. Figures show that proton differential elastic cross 
sections as well as polarization data are nicely reproduced at all energies for the entire range 
of scattering angles (0-180°). Our results are similar in quality as those of refs. [11, 12, 14-
16]. 
Table (4.2.1 (b)) shows normalization parameters. We note that the 
average normalization for the real potential X^  : 
x7=0.943(HJ),0.886(v-14), 
for the imaginary potential X^ : 
x:=0.705(HJ), 0.729 (v-14) 
and for real the spin-orbit potential X^Q : 
I^=1.098(HJ), 1.026(v-14) 
Thus we can note that X^ ~ 1, X^^ == 1, X^  < 1. Figures show that both the HJ and v-14 give 
agreement of similar quality, however, the smaller value of x /^DF from v-14 interaction 
shows that v-14 gives marginally better agreement than HJ at all energies. 
C. ^ Ni: 
The Figures 4.2.1 (c) and 4.2.1 (c)'show that the proton differential elastic cross section and 
analyzing power of Ni are nicely reproduced at energies Ep=30.3,40.0, 65.0, 178.0, and 
192.0 MeV. 
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Further, Table (4.2.1 (c)) shows that the ^  /DF for v-14 are systematically smaller than those 
for the HJ potential. Thus we can conclude that the soft core Urbana v-14 gives rise to a 
better description of the data at these energies. Our results are similar to those of refs. [4,11, 
12,14]. 
From Table (4.2.1 (c)) we see that average normalizations are: 
>^=0.826(HJ), 0.790 (v-14) 
A^=0.873(HJ), 0.939 (v-14) 
and I ~ = 0.951(HJ). 0.972(v-14) 
Thus, we can note that X^  < 1, A,^  < 1, A^ ^ ~ 1 • 
p. "Zr: 
Our results for the analysis of proton elastic scattering at incident energies 
Ep- 40.0.65.0. 80.0.100.4,134.8.160.0 and 180.0 MeV from *°Zr are shown in Figure 4.2.1 
(d). Figure 4.2.1 (d)' shows the corresponding results for polarization data. Both v-I4 and HJ 
interactions give satisfactory agreement with experimental data [4,11,12,14.17] for 
scattering angle up to 180'. 
From Table (4,2.1 (d)), we observe that the 
average normalization for the real potential: 
A^= 0.884 (HJ), 0.827 (v-14), 
for the imaginary potential: 
>^=0.819(HJ),0,869(v-14). 
and for the real spin-orbit potential 
^ = 1.004 (HJ), 0.945 (v-14). 
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We find that X^ is nearly equal to 1, which implies that the calculated spin-orbit potential is 
very close to the one required by the experimental data. 
We find that X^ < } , thus the calculated real and imaginary part of central potential are 
somewhat larger than that required by experimental data. Further, the small value of x^ / DF 
for all incident energies, obtained firom v-14 interaction shows v-14 is marginally better than 
HJ as also found in other targets. 
E. ''"Pb: 
Figure 4,2.1 (e) shows the best fit obtained for the proton elastic scattering at incident energy 
Ep= 30.3,40.0,65.0, 80.0,100.4,160.0 and 182.0 MeV fi-om ^ °*Pb. We see that a satisfactory 
agreement is obtained for the entire range of scattering angle (0-180') at all incident energies. 
Minima and maxima of analyzing power (Figure 4,2.1 (e)') are nicely reproduced as those in 
refs.[4,11,12,14,18]. 
From Table (4.2.1 (e)), we see that 
average normalization for the real potential, k^ = 0.810 (HJ) and 0.781 (v-14), while for the 
imaginary potential, x7= 0-814 (HJ) and 0.908 (v-14), and for the real spin-orbit potential 
^ = 0.998 (HJ), 1.019 (v-14). 
We find that the calculated real part (X^<1) is larger than that required by the experimental 
data and ji^ ^ yl^ o = 1. 
Figures 4.2,1 (e) and 4.2.1 (e)* show that both the HJ and v-14 give agreement of similar 
quality for both analyzing power and differential cross section data. However, the smaller 
value of x /^DF shows that v-14 interaction is marginally better than HJ at all incident 
energies considered here. 
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It is important to note here that, for all targets (considered here) we observe that, X^ (v-14) < 
X^ (HJ). This result is consistent with the observation by Bethe [19] and others [20, 21] that 
the use of soft-core interaction gives a deeper real potential in Brueckner theory as compared 
with the use of a hard-core interaction. 
(4.2.2): Volume Integral of Central Optical Potential: 
It is well known [22] that the individual depths and radial parameters of the empirical optical 
model potential show ambiguities while the volume integrals are relatively better defined. 
Hence we compare the volume integrals of our microscopic optical potential with those of 
the empirical results. The volume integral Jv of the real central part of the optical potential in 
a simple folding model approach is [ 11 ] 
Jv = n p ( ^ ) V i n t ( | ^ - ^ o K A 
= AjK,„,(5ya^ or 
Thus the volume integral of the real potential is proportional to the tai:get mass number if the 
effective two-body interaction potential between the projectile and the target nucleon is 
independent of density and energy. This implies that if the hypothesis that Vjnt is independent 
of the density, Jv should follow a straight line with A. Figure 4.3.2 in section (4.3) shows the 
mass number dependence of the calculated, Jv, at 30 and 40 MeV. The calculated values lie 
on a straight line and are energy independent. Thus the hypothesis is (as discussed by 
Sakaguchi et al. [11]) satisfied by our microscopic optical potential. 
Our calculation (chapter 3) shows that not only the depth but the radial shape of the 
calculated potential changes with energy. Hence we compare our volume integrals with the 
empirical values shovm as solid triangles in Figures 4.2.2 (a)-4,2.2 (a)*. 
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Volume Integral of the Real Central Optical Potential (Jy/A): 
In Figures (4.2.2 (a)- 4.2.2 (a)*) we have shown the energy dependence of the volume 
integral per nucleon for the real part of calculated central potential (Jy/A) using Urbana v-14 
[1] and Hamada-Johnston [2] realistic interaction for p - ^*Si. *°Ca, *^Ni, ^Zr, °^*Pb in the 
energy region 30.3 MeV to 200.0 MeV. We also compare our results with the empirical 
analysis [11,15] of the same data. Further our r-isults are similar to those of Van Oers et al. 
[15] and Sakaguchi et al. [11] (see Figure 9 of ref. [11]). 
A linear fit to Jv/A gives us: 
Jv/A=429.983-1.505E (for p-'°Zr) 
and Jv/A=456.024-1.572E (forp-*°Ca) 
Van Oers et al. (see Table IV of ref. [15] have also made a similar empirical analysis and the 
trend of our results are in agreement with those of ref. [15]. 
Figures (4.2.2 (a) - 4.2.2 (a)') show that 
• Volume integral Jy/A, resulting from HJ interaction and from v-14 interaction 
shows similar energy dependence. The real volume integral per nucleon decreases 
with increasing incident energy. 
Volume Integral of Imaginary Part of Central Optical potential (Jw/A): 
In Figures (4.2.2 (b)-4.2.2 (b)') we have shown the energy dependence of volume integral per 
nucleon of imaginary part of calculated central potential using Urbana v-14 [I] and Hamada-
Johnston [2] interaction for p - ^^ Si, '***Ca, *^Ni. '°2r, °^*Pb in the eneigy region from 30.3 
MeV to 200.0 MeV. From these Figures we see that: 
1. Jw/A obtained from HJ interaction and from v-14 interaction shows only mild energy 
dependence. This is in agreement with the results of ref. [23], 
2. The use of HJ potential gives a slightly larger volume integral as compared with both 
the v-14 and the empirical results. 
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(4.2.3) Mean Square Radii: 
In this section we present our results for the energy dependence of root mean square radii of 
calculated real central optical potential, for proton elastic scattering. The mean square radii of 
real central potential is defined as 
|r'V(r)d-, .. . . - .Pr 
<r ' >„^ /V(r)d^r 
where V(r) is the real part of the optical model potential. It is obvious from the above 
definition that the normalization of the real potential obtained while fitting the data would 
have no effect on the values of <r^ >v. Hence calculated values of <r^v v^ o^uld be a fully 
microscopic result, though dependent on the matter densities used. 
Figures 4.2.3 (aH.2.3 (a)' show results for p - ^ '^Si, '*''Ca, '*Ni, ^ °Zr, ^ °*Pb at incident energies 
(Ep=30.3-200 MeV), using v-14 and HJ intemucleon potential .We foimd that 
1. The MSR for our microscopically calculated real central-potential is nearly constant 
over the entire energy region (30.3 MeV to 200 MeV) considered here. 
2. The MSR for the real central potential calculated fix)m HJ interaction is marginally 
greater than that obtamed from Urbana v-14 interaction. 
We notice that the MSR for the proton nucleus real central potential for all the targets 
considered in present work practically remains energy independent. A least square fit gives 
us: 
<?>y = 12.28 + 0.018 E (for ^ *Si) 
<r^ V = 16.06 + 0.016 E (for ^ °Ca) 
<r^ > V = 17.22 + 0.018 E (for *^Ni) 
V > V = 21.37 + 0.020 E (for '^Zr) 
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<r^ > V = 38.15 + 0.005 E (for ^ °*Pb) 
From the above equations we note that the slope is very small and thus <r> v remains 
essentially constant with energy. 
It is important to note that the calculated MSR from equation (1) is independent of the 
normalization parameter Xv The effect of any normalization used to fit the cross-section data 
is cancelled in equation (1). However, the resuU depends sensitively on the densities used. 
Hence, the above results can be used to predict msr for the targets studied in this section. Our 
results are in agreement with the empirical analysis (see Figures 3(a) and 3(b) of W. T. H. 
Van Oers et al. [15] and Table 3 of A. Nadasen et al. [13]. 
In the next section we present the results of target mass number dependence of the calculated 
microscopic proton optical potential at three energies (30.3, 40.0 and 65.0 MeV). We discuss 
the results in detail only at 65.0 MeV and briefly give the results at other energies (30.3 and 
40.0 MeV). 
(4.3) Target Mass Number Dependence of the Optical Potential: 
(43,1) Differential Elastic Scattering and Polarization: 
At 65.0 MeV of proton incident energy, we have considered targets ^°Ne, ^ '*Mg, ^ *Si, ^^ Ar, 
"^Ca, ''C% ''n ''Fe, ^^ Fe, ^^ i . ^'Co, ^ '^i, «Ni, «'Y, ^^^''^Pb. 
The results of our analysis at 65.0 MeV using the two microscopic potentials v-14 and HJ 
are presented in Figure 4.3.1 (a) and Figure 4.3.1 (a)' respectively. The values of 
normalization parameters together with volume integrals and total reaction cioss-sectioas 
are given in Tables 4.3.1 (a) and (a)'. Continuous (dotted) curves represent the results from 
the use of the two microscopic optical model potentials HJ (v-14), and the dashed curves 
represent the results of empirical analysis. Solid circles show the experimental data points. 
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Tables 4.3.1 (a) and (a)' shows that % /DF of all the targets considered at 65.0 MeV for 
the proton differential elastic cross-section data, for both v-14 and HJ potentials are small 
and comparable. Further, Figures 4.3.1 (a) and 4.3.1 (a)' show that the agreement with the 
experimental data is satisfactory, and we do not find any problem of the underestimation of 
the differential cross-section data at minima as found in ref. [7]. Thus both v-14 and HJ 
potentials give satisfactory agreement with the experimental data; v-14 results are 
marginally better than HJ. 
The agreement with both proton differential cross-section and polarization over the 
whole angular region is satisfactory at other energies also (30.3 and 40 MeV) as shown 
in Figures 43.1 (a), (a)*, (b), (b)'. The results of the present work are in close agreement 
with Fricke et al. [12], The phenomenological results [U, 12] are shown as dotted curve. 
The structure in the proton differential cross-section is nicely reproduced and is 
comparable with the phenomenological results of Sakaguchi et al. [11] at 65.0 MeV and 
Fricke et al [12] at 30.3 and 40 MeV. The angular distribution for proton analyzing 
power is of the same quality as in ref. [7]. 
The prediction for the proton analyzing power is very similar for the two models, v-14 and 
HJ used by us. The v-14 potential gives slightly better results for proton analyzing power 
data. 
Figures 4.3,1 (b) and (b)' show our results of the analys:^ s at 40.0 MeV and Figures 4.3.1 (c) 
and (c)* corresponds to the analyses at 30.3 MeV. 
(4.3.2)Volume Integral of the Rea> Potential: 
Figure (4.3.2) shows the volume integral Jv of the calculated real potential at 30.3 MeV and 
40 MeV for all targets analysed in the present section. As discussed in subsection 4.2.2, the 
variation of Jv with target mass number should follow a straight line if the two nucleon 
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effective interaction is independent of density and energy. Our results (siiown in Figure 
4.3.2) confirm this hjpothesis as the slope of the straight at the two energies is almost same. 
(4.3.3) Mean Square Radii MSR: 
In the following we present our results for <r^vat the three energies considered here. 
Our calculations show that the values of MSR obtained from both HJ and v-14 interactions 
are quite close, we quote only the average of these values for each target separately. We find 
that <r^v obeys a linear relation with A^^  (shown in Figures 4.3.2 (a) and (a)*)- A least 
square linear fit to the calculated values give us the folic wing relation at 65.0 MeV: 
<r^ >v = 6.186+ 0.794A^ (1) 
Our result (Equation (1)) is in close agreement with Sakaguchi et al. [11]. 
Greenlees, Pyle and Tang [24] have shown that for a rotationally symmetric density 
distribution the following relation is satisfied: 
< r % = <rV^,tt + <rSnt, (2) 
where <f^int is the mean square radius of the effective two-nucleon interaction and <r^m»tt 
is mean square radius of matter (proton+ neutron) distribution in the target. 
Using eq (1) and the values of <r^ >mttt (Table - (I)) we find the following linear relation for 
<r^> iot: 
<r^ >in. = 4.102 + 0.067A^\ (3) 
At 40.0 MeV (see Figures 4.3.2 (b) and (b)') and table (II)). we obtain 
<r'>v = 4.578 + 0.869A^', and 
<rSat = 3.801 + 0.097 A^^ 
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and at 303 MeV (Figures 4.3.2 (c) and (c)') and table (III)) <r^v is written as 
<i^ >v = 3.83 + 0.99A^^ 
and <r^ >i„t = 2.773 + 0J98A^^ 
Our Analyses show the following features: 
• From Table-(I) and Figure 4.3.2 (a) we can conclude that the values of <r^ >v for both v-
14 and HJ models are very close and exhibit linear dependence with A^ .^ 
• Table-(I) shows our results for <r^ >v and <r^ >Bi«tt. We compare our results with those 
from Kyoto ref. [11]. We note that our values for <r^m«« are very close to those of ref. 
[11] .Hence our assumption about neutron densities is not very unreasonable. 
• It is important to note that there are no free parameters in our calculation of MSR, though 
it depends on nucleon density. Hence it is a fully Microscopic result 
*> Figures (4.3.2 (a)) and (4.3.2 (a)') indicate that the predicted <r^ >v values can be used as 
a constraint in choosing geometrical parameters for an empirical analysis of data from 
targets in the range °^Ne-**"Pb. 
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(4.4)Conclusions: 
We have been able to obtain satisfactory agreement to the proton scattering data over a wide 
mass and energy region using local microscopic optical potential with essentially only three 
normalization parameters. This is in contrast with the empirical analyses where 12-free 
parameters are generally used. Further we have made a systematic analysis of volume 
integral and MSR and its variation with both incident proton energy (30-200 MeV) and target 
mass number (^ **Ne-^ "*Pb). 
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Figure Captions: 
Remark: In all figures v-14 results are shown by dotted line, solid line shows the HJ results; 
dashed line correspond to the empirical analysis and solid circles represent the experimental 
data. 
Figure 4.2.1 (a) 
Microscopic optical model fits of proton elastic scattering from ^'Si, using Urbana v-14 and 
HJ inter-nucleon interactions at Ep=30.3, 40.0, 65.0, 79.1. 99.0, 153.0,180.0 and 198.1 MeV. 
Experimental data are from refs. [10, 11, 12, 14, 24, 25-28] and empirical analyses are from 
refs.[ll,12,14]. 
Figure 4.2.1 (a)' 
Analyzing Powers for proton elastic scattering from ^*Si. using Urbana v-14 and HJ inter-
nucleon interactions at Ep=30.3,40.0.65.0, 79.1,99.0,153.0, 180.0 and 198.1 MeV. 
Experimental data are from refs. [10, 11, 12, 14, 24, 25-28] and empirical analyses are from 
refs. [11,12, 14]. 
Figure 4.2.1 (b) 
Microscopic optical model fits of proton elastic scattering from ***Ca, using Urbana v-14 and 
HJ inter-nucleon interactions at Ep=30.3,40.0, 65.0, 80.0,100.0, 160.0 and 181.0 MeV. 
Experimental data are from refs. [II, 12,14, 25, 26,29, 30] and empirical analyses are from 
refs. [11,12, 14]. 
Figure 4.2.1(b)' 
Angular distributions of polarization for proton elastic scattering from *^*Ca, using Urbana v-
14 and HJ inter-nucleon interactions at Ep=30.3, 40.0, 65.0. 80.0, 100.0, 160.0 and 181.0 
MeV. 
Experimental data are fix)m refs. [11,12,14, 25, 26, 29, 30] and empirical analyses are from 
refs. [11,12,14]. 
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Figure 4.2.1 (c) 
Angular distribution of the differential cross section for proton elastic scattering from **Ni, 
using Urbana v-14 and HJ inter-nucleon interactions at Ep=30.3, 40.0, 65.0, 178.0 and 
192.0MeV. 
Experimental data are from refs. [4,11,12,14,18] and empirical analyses are from refs. [U, 
12,14]. 
Figure 4.2.1(c)' 
Angular distributions of polarization for proton elastic scattering from "^ "Ni, using Urbana v-
14 and HJ inter-nucleon interactions at Ep=30.3.40.0,65.0,178.0 and 192.0 MeV. 
Experimental data are from refs. [4,11,12,14,18] and empirical analyses are from refs. [11, 
12, 14]. 
Figure 4.2.1(d) 
Microscopic optical model fits of proton elastic scattering from '"Zr, using Urbana v-14 and 
HJ inter-nucleon interactions at Ep=40.0,80.0,100.4.134.8.160.0. and 180.0 MeV. 
Experimental data are from refs. [4,11.12,14.17] and empirical analyses are from refs. [11, 
12.14]. 
Figure 4.2.1 (d)> 
Analyzing Powers for proton elastic scattering from '*'Zr, using Urbana v-14 and HJ inter-
nucleon interactions at Ep=40.0, 80.0,100.4.134.8,160.0. and 180.0 MeV. 
Experimental data are from refs. [4,11,12,14,17] and empirical analyses are from refs. [11, 
12.14]. 
Figure 4.2.1(e) 
Microscopic optical model fits of proton elastic scattering from ^ "^Pb, using Urbana v-14 and 
HJ inter-nucleon interactions at Ep=30.3,40.0,65.0, 80.0.100.4,160.0 and 182.0 MeV. 
Experimental data are from refs. [4,11,12,14, 30, 31] and empirical analyses are from refs. 
[1IJ2. 14]. 
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Figure 4.2.1(e)' 
Angular distributions of polarization for proton elastic scattering from '®*Pb, using Urbana v-
14 and HJ inter-nucleon interactions at Ep=30.3, 40.0, 65.0, 80.0, 100,4, 160.0 and 182.0 
MeV. 
Experimental data and empirical analyses are from refs [15,18-21,28,35]. 
Figure 4.2.2 (a) 
Energy dependence of volume integral per nucleon of real part of calculated central optical 
potential for p-^ *Si, '*^ Ca, ^"^i, '°Zr, and °^*Pb using v-14 interactions is shown. 
Figure 4.2.2 (a)' 
Same as fig 4.2.2(a) except using HJ interactions 
Figure 4.2.2(b) 
Energy dependence of volume integral per nucleon of imaginary part of calculated central 
optical potential for p -^ *Si. ^°Ca, *^Ni, '"Zr. ^ °*Pb using v-14 interactions. 
Figure 4.2.2 (b)' 
Same as fig 4.2.2(b) except using HJ interactions. 
Figure 4.2.3(a) 
Energy dependence of mean square radii (msr) of calculated real central optical potential, 
uoing v-14 interactions for p - ^ *Si. **°Ca, *^Ni, ^ Zr, '^'*Pb. 
Figure 4.2.3(a)' 
Same as fig.4.2.3 (a) but using HJ interaction. 
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Figure 43.1(a): 
The microscopic optical model fits of proton elastic scattering from ^"Ne, ^ ^Mg, ^ *Si, *^*Ar, 
•^^ Ca, '«Ca, '**Ti, 'Ve, '*Fe, 'Ni , '^^ Co, ^'^^i, " N I , ' ' Y , '*'Zr,^ *"'Pb, using Urbana v-14 and 
HJ inter-nucleon interactions at 65.0 MeV. 
Figure 43.1(aV: 
Analyzing Powers for proton elastic scattering from *^*Ne, "Mg, ^*Si, ' 'Vr, ''"Ca, **Ca, **Ti, 
*^Fe, "Fe, **Ni, **Co, *'*Ni, "Ni, **Y, '^ 'Zr.^ '^ ^Pb, using Urbana v-14 and HJ inter-nucleon 
interactions at 65.0 MeV. 
Figure 43.1(b); 
Same as figure 4.3.1(a) except at 40.0 MeV. 
Figure 43.Ub)': 
Same as figure 4.3.Ua)' except at 40.0 MeV. 
Figure 4.3.1(c): 
Same as figure 4.3.1(a) except at 30.3 MeV. 
Figure 4.3.1(c)': 
Same as figure 4.3.1(a)' except at 30.3 MeV. 
Figure 4.3.2 (a-c): 
Mass dspendence of mean square radii (msr) of calculated real central optical potential, using 
v-14 interactions for p - *^Ne, ^ ^Mg. ^^ Si, ^ *'Ar. ^'Ca, ^'Ca, ^ i , **Fe, **Fe. ''Ni, '"Co, **^i, 
"Ni, '*Y. '"Z^^^^Pb (a) at 65.0 MeV (b) at 40.0 MeV (c) at 30.3 MeV. 
Figure 4.3.2(a^-c'): 
Same as figure 4.3.2 (a-c) except using HJ interaction. 
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Table 4.3.2(a): The mean square radii of the proton- nucleus microscopic real optical model 
potentials (v-I4 and HJ) at 65.0 MeV. The average effective interaction range calculated in 
the present work and matter radii are compared with LMPF (see Table III of ref. [9]) and 
Kyoto [9] values. 
'"Ne 
> 
»^Si 
'^'Ar 
*"Ca 
«^Ca 
«^ti 
*^ Fe 
**Fe 
"Ni 
*^ Co 
M^i 
"Ni 
SVy 
'^Zx 
"H 
< r^pot 
(fm )^ 
HJ 
13.418 
13.709 
14.079 
16.702 
16.483 
16.785 
18.023 
17.877 
18.731 
18.739 
18.462 
19.104 
19.351 
23.466 
23.527 
36.257 
V-14 
12.4362 
13.0321 
13.343 
14.9025 
14.820 
14.8595 
17.5695 
17.0709 
17.891 
17.8869 
17.4607 
18.2466 
18.4633 
22.4287 
22.638 
34.141 
<r*>niatt 
(fm') 
8.931 
8.742 
8.843 
11.332 
11.230 
11.071 
12.606 
12.452 
12.899 
13.258 
12.416 
13.588 
13.747 
17.345 
17.550 
29.683 
Av<r'>int 
(fm') 
3.9961 
4.62855 
4.868 
4.97025 
4.9215 
4.25125 
4.19025 
4.02195 
4.412 
4.05495 
4.54535 
4.0873 
4.16015 
4.60235 
4.5325 
6.016 
Kyoto 
8.940 
9.00 
9.486 
11.765 
11.765 
12.390 
13.104 
13.032 
13.542 
13.396 
14.213 
13.988 
14.746 
18.233 
18.49 
30.360 
LMPF 
11.492 
12.041 
12.745 
13.469 
18.063 
30.802 
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Table 4.3.2(b): Same as 4.3.2 (a) but at '>0.0 MeV 
^"Si 
*^»Ca 
*^Fe 
% i 
'^^ Co 
t«^i 
^*»Zn 
^"Zr 
'^Sn 
^•"Pb 
< r^>pot (fm^) 
HJ 
13.8987 
17.6139 
17.9132 
18.7619 
18.4530 
19.1319 
20.4765 
23.7919 
27.6349 
37.3052 
v-14 
13.1066 
16.7821 
17.0469 
17.8946 
17.4724 
18.2585 
19.5249 
22.7300 
26.4361 
34.9652 
<r^matt 
(fm )^ 
8.843 
11.230 
12.452 
13.258 
12.416 
13.588 
14.657 
17.550 
20.477 
29.683 
Av<i^>iiit 
(fm^) 
4.659 
4.968 
4.028 
4.070 
4.547 
4.107 
4.344 
4.715 
6.559 
6.952 
Table 4.3.2(c): Same as 43.2 (a) except at 30.3 MeV 
^Si 
**'Ca 
"Fe 
*^Fe 
**Ni 
'^^ Co 
*^*Ni 
»^Sn 
mp^ 
<r^>pot (fm^) 
HJ 
14.123 
16.777 
18.309 
19.246 
19.193 
18.905 
19.572 
28.473 
39.138 
v-14 
13.301 
14.944 
17.381 
18.249 
18.276 
17.859 
18.645 
27.384 
40.653 
<rVmatt 
(fm^) 
8.843 
11.230 
12.452 
12.899 
13.258 
12.416 
13.588 
20.477 
29.683 
Av<rVint 
(fm^) 
4.869 
4.131 
4.393 
4.849 
4.477 
4.966 
4.521 
7.452 
10.213 
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28o! Table 4.2.1 (a): Normalization Parameters for Proton- Si elastic scattering 
Urbana Soft Core Potential Proton-"Si elastic icattering 
(McV) 
Xv 
U 
«^o«( 
CTR (mb) 
A lol 
. A, CS 
X piA 
(McV) 
Jw/A 
(MeV) 
30.3 
0.885 
0.700 
1.199 
739.11 
47.10 
38.60 
60.93 
383,38 
108.21 
40.0 
0.947 
0.700 
1.200 
665.02 
19.31 
16.33 
23.86 
370.93 
104.87 
65.0 
0.861 
0.685 
1.057 
517.89 
26.92 
15.01 
43.37 
277.83 
95.72 
79.1 
0.881 
0.701 
0.734 
481.75 
58.63 
69.72 
47.18 
259.51 
96.45 
99.0 
0.837 
0.778 
0.700 
465.71 
48.72 
70.13 
22.79 
219.68 
105.41 
153.0 
0.786 
0.997 
0.700 
475.38. 
97.81 
135.36 
60.26 
154.08 
141.36 
180.0 
0.700 
0.994 
0.700 
459.75 
57.96 
77.21 
36.78 
118.39 
147.28 
198.1 
0.704 
0.999 
0.700 
455.55 
99.54 
93.73 
104.83 
107.43 
153.37 
Ha mada-Joh niton Hard Core Potential Proton-"Si elaitic scattering 
E. (MeV) 
Xv 
Xw 
Xsiw 
CTR (mb) 
X lol 
X ' 
A CS 
Xpoi 
Jv)A 
JMeV^ 
Jw/A 
(MeV^ 
30J 
0.997 
0.700 
1.200 
801.83 
87.18 
102.99 
69.74 
401.12 
129.78 
40,0 
1.018 
0.700 
1.199 
719.24 
56.53 
76.89 
32.86 
367.81 
124.54 
65.0 
0.925 
0.600 
1,144 
515.71 
49.34 
32.04 
73.77 
270.89 
95.83 
79.1 
0.874 
0.700 
0.912 
505.64 
110.44 
126.43 
93.91 
231.75 
106.07 
99.0 
0.866 
0.843 
0.802 
502.36 
93.65 
105.87 
78.85 
201.74 
120.53 
153.0 
0.791 
0.999 
0.700 
461.73 
121.98 
144.33 
99.63 
131.30 
135.30 
180.0 
0.700 
0.999 
0.700 
440.48 
52.21 
72.75 
29.62 
97.60 
137.05 
198.1 
0.700 
0.999 
0.700 
432.77 
131.99 
139.09 
125.82 
85.17 
141.08 
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Table 4.2.1 (b): Normalization Parameters for Proton-^ ^Ca Elastic Scattering. 
Urbana Soft Core PotentUI for p-^Ca 
(MeV) 
Xv 
Xw 
X«oR 
a^(mb) 
X loi 
A, a 
X pol 
Jv/A 
{MeVF') 
Jw/A 
(MeVF*) 
30J 
0.8S8 
0.669 
1.397 
903.180 
36.31 
28.63 
66.19 
388.43 
99.57 
40.0 
0.881 
0.650 
1.082 
872.9 
39.94 
51.98 
24.36 
364.3 
102.7 
65.0 
0.883 
0.779 
1,344 
722.2 
7.55 
10.38 
4.43 
287.3 
106.6 
80.0 
0.852 
0.674 
1.008 
647.37 
29.23 
28.43 
3061 
263.06 
95.92 
100.0 
0.895 
0.843 
1.009 
675.793 
12.00 
10.99 
13.05 
246.24 
118.32 
16M 
0.902 
0.821 
0.700 
582.550 
38.30 
37.92 
39.29 
180.67 
121.37 
181.0 
0.820 
0.763 
0.800 
545,059 
29.33 
25.56 
33.34 
146.91 
116.99 
Hamada-JohDston Hard Core Potential for p-^Ca 
E„ 
Xv 
Xw 
^ R 
Or 
(mb) 
X lOI 
"^ a 
X pal 
_JMcVF^) 
Jw/A 
(MeVF^) 
30.3 
0.976 
0.604 
1.669 
929.066 
56.68 
51.96 
78.59 
398.73 
106.46 
40.0 
0.919 
0.456 
0.903 
797.567 
57.35 
73.15 
37.47 
350.95 
86.52 
65.0 
0.931 
0.529 
1.275 
625.0 
7.55 
10.38 
4.43 
274.6 
82.7 
80.0 
0.904 
0.559 
1.093 
614.802 
35.84 
31.49 
43.29 
251.64 
88.27 
100.0 
0.946 
0.694 
1.041 
629.012 
16.56 
20.96 
11.93 
231.71 
102.70 
160.0 
0.939 
0.901 
0.768 
593.434 
42.40 
45.14 
35.29 
159.56 
125.58 
181.0 
0.893 
0.999 
0.944 
609.586 
57.78 
42.35 
74.21 
132.46 
141.52 
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Table 4.2.1 (c): Normalization Parameters for Proton-^Ni elastic scattering. 
Urbana Soft Core Potential for p-"Ni 
(MeV) 
Xv 
Xw 
W« 
O R (mb) 
X 101 
A, CS 
/C pol 
Jv/A 
(MeVF^) 
Jw/A 
(McVF') 
30J 
0.846 
0.749 
1.235 
1079.9 
74.55 
79.31 
47.35 
364.80 
98.2 
40.0 
0.847 
0.728 
1.023 
1001.2 
56.69 
36.07 
99.82 
331.7 
94.8 
65.0 
0.912 
0.824 
1.169 
912.8 
47.83 
23.80 
68.75 
294.5 
]04.8 
178.0 
0.700 
1.1 SO 
0.700 
809.849 
117.89 
123.65 
r05.36 
116.89 
162.41 
192.0 
0.650 
l^SO 
0.650 
830.841 
136.67 
188.28 
93.66 
100.00 
181.62 
Hamada Johnston Hard Core Potential for p-^NI 
(MeV) 
Xv 
Xw 
XfiOK 
O R (mb) 
X lol 
X ' 
X pol 
Jv/A 
(MeVF*) 
Jw/A 
(MeVF') 
30J 
0.929 
0.700 
1.299 
1109.94 
154.78 
171.14 
71.60 
368.79 
107.24 
40.0 
0.925 
0.650 
0.978 
I0I7.5 
103.42 
77,12 
159.47 
330.3 
98.8 
6S.0 
0.999 
0.700 
1.287 
893.2 
61.96 
29.66 
88.01 
290.4 
100.5 
178.0 
0.650 
1.200 
0.700 
720.684 
147.06 
167.93 
113.35 
80.01 
157.69 
191.0 
0.650 
1.200 
0.600 
787.185 
197.32 
231.33 
168.74 
77.83 
160.70 
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Table 4.2.1 (d): Normalization Parameters for Proton-^ '^ Zr elastic scattering 
Urbana Soft Core Potential for Proton-'^r 
E . 
(MeV) 
Xv 
x» 
x ^ 
O R (mb) 
X lot 
/C ca 
X pol 
Jv/A 
(MeVF^ 
Jw/A 
(MeVF^) 
40.0 
0.K69 
0.753 
1.134 
1338.74 
37.69 
43.74 
22.87 
352.44 
98.57 
65.0 
0.889 
0.880 
1.523 
1258.9 
16.M 
27.09 
6.60 
294.6 
112.7 
80.0 
0.872 
0.770 
0.978 
1127.72 
25.02 
15.73 
43.97 
261.30 
97.86 
100.4 
0.830 
0.811 
0.841 
1074.68 
42.07 
31.07 
55.4" 
218.98 
103.27 
134.8 
0.843 
0.876 
0.792 
1037.75 
55.71 
55.77 
55.64 
181.74 
115.05 
160.0 
0.783 
0.996 
0.700 
1059.19 
80.99 
85.72 
72.09 
146.08 
135.96 
180.0 
0.700 
0.999 
0.650 
1041.51 
90.51 
96.31 
79.93 
116.03 
141.73 
Hard Core PoteDtial for Proton-'^ Zr 
E . 
(MeV) 
Xv 
Xw 
>«0R 
O R (mb) 
X lof 
X a 
X pol 
Jv/A 
(MeVF') 
Jw/A 
(MeVF') 
40.0 
0.960 
0.663 
1.302 
1357.92 
65.54 
81.10 
26.12 
355.30 
102.86 
610 
0.982 
0.712 
1.580 
1230,09 
19.97 
6.57 
32.84 
291.96 
104.75 
80.0 
0.933 
0.669 
1.044 
1110.79 
46.62 
41.86 
56.34 
248.08 
94.82 
100.4 
0.916 
0,772 
0.911 
1080.75 
70.05 
56.43 
88.57 
210.58 
104.56 
134.8 
0.861 
0.921 
0.894 
1050.44 
72.12 
65.73 
80.19 
155.89 
119.73 
160.0 
0.836 
0.999 
0.600 
1038.89 
96.47 
80.36 
128.07 
126.34 
130.49 
184KO 
0.700 
0.999 
0.700 
1008.03 
128.54 
169.01 
55.18 
90.65 
132.14 
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Table 4.2.1 (e): Normalisation Parameters for p-^ '^^ Pb Elastic Scattering 
Urbina V14 Soft Core Potential for p-'**Pb Elastic Scattering 
E. 
(MeV) 
Xv 
>* 
' W W 
CTR (mb) 
A li>l 
Ai C l 
A /»/ 
Jv/A 
(MeVF') 
Jw/A 
(MeVF') 
30J 
0.748 
0.857 
1.299 
2010.8 
71.80 
86.78 
23.26 
380.7 
113.1 
40.0 
0.769 
0.877 
0.951 
2109,5 
98.05 
146,52 
8.93 
345.01 
119.51 
65.0 
0.871 
0.813 
1.141 
1944.2 
27.55 ± 
11.67 
43.94 
303.1 
98.66 
80.0 
0.825 
0.850 
1.037 
2041.0 
100.38 
106.61 
91.83 
266.09 
111.94 
100.4 
0.802 
0.999 
1.243 
2043.2 
82.17 
69.62 
109.78 
225.76 
130.82 
160JI 
0.700 
0.999 
0.750 
1902.7 
105.84 
81.84 
151.28 
137.55 
138.10 
182.0 
0.750 
0.963 
0.700 
1862.9 
98.47 
97.45 
99.46 
129.07 
138.25 
Hamada Johnston Hard Core Potential for p-'*'Pb Elastic Scattering 
E, 
(MeV) 
Xv 
Xw 
A«OR 
OR (mb) 
X lot 
A a 
A po/ 
Jv/A 
(MeVF )^ 
Jw/A 
(McVF*) 
30J 
0.803 
0.726 
0.945 
2037.8 
87.26 
107.83 
23.94 
383.2 
114.97 
40.0 
0.849 
0.700 
0.850 
2116.08 
167.49 
257.34 
7.65 
351.79 
116.01 
6S.0 
0.949 
0.633 
1.075 
1903.9 
36.40 
15.68 
57,76 
295.8 
88.7 
80.0 
0.819 
0.800 
0.800 
2076.09 
117.28 
123.13 
107.85 
237.19 
122.26 
100.4 
0.789 
0.850 
1.502 
2003.23 
107.24 
67.22 
199.93 
195.66 
123.11 
160.0 
0.750 
0.999 
0.800 
1884.55 
107.11 
132.92 
5836 
119.88 
133.90 
18X0 
0.700 
0.999 
0.700 
1838.06 
146.85 
154.31 
139.54 
93.80 
IH92 
107 
Table 4.2,1 (a): Normalization constants obtained from a best fit to the 65 MeV proton 
Target 
^•^e 
' 'Mg 
^'Si 
^»Ar 
^»Ca 
"Ca 
"Ti 
"Fe 
"Fe 
'«Ni 
'"Co 
'V i 
«Ni 
g^ Y 
""Zr 
Mpb 
A[/ 
0.859 
0.935 
0.925 
1.005 
0.93! 
0.999 
0.961 
0.973 
0.970 
0.999 
0.872 
1.076 
1,013 
1.000 
0.982 
0,949 
A^ 
0.650 
0.700 
0.600 
0.700 
0,529 
0.712 
0.700 
0.700 
0.625 
0.700 
0.700 
0.700 
0.700 
0.700 
0.712 
0.633 
HJ 
1.213 
1,309 
1.144 
1.240 
1.275 
1.300 
1.300 
1.299 
1.436 
1.287 
1.300 
1.294 
1.301 
1.300 
1.580 
1.072 
X'/DF 
55.0 
91.6 
52.2 
46,2 
35.9 
68.5 
43.9 
93.2 
16.7 
66.9 
43.9 
52.6 
56.6 
71.5 
21.3 
37.5 
A, 
0.888 
0.874 
0.861 
0.888 
0.883 
0.941 
0,852 
0.853 
0.882 
0.912 
0.883 
0,911 
0.938 
0.958 
0.889 
o.cn 
^w 
0.701 
0.700 
0.685 
0.715 
0.779 
0.999 
0.754 
0.702 
0.780 
0.824 
0.807 
0,806 
0.907 
0.853 
0.880 
0,813 
v-14 
1.005 
1.039 
1.057 
1.245 
1.344 
1.283 
1.297 
1.264 
1.330 
1,169 
1.184 
1.173 
1.259 
1.300 
1.523 
1,141 
Z^IDF 
llA 
39.9 
28.5 
25.9 
19.9 
51,2 
26.9 
58.2 
10.8 
55.1 
23.2 
44.2 
51.3 
49.7 
14.4 
28.4 
Table 4.2.1 (b): Calculated volume integrals, Jy/A and Jw/A the total reaction cT/j(mb) of 
protons at 65.0 MeV. 
Target 
'^'Ne 
> R 
^«Si 
^'Ar 
^"Ca 
^»Ca 
^"ti 
' ' Fe 
'"Fe 
"Ni 
"Co 
• ^ i 
**'Ni 
Byy 
^Zr 
208pj, 
HJ 
Jv/A 
260.7 
279.9 
270.9 
300.8 
274.6 
283.9 
287.8 
280.4 
279.8 
290.4 
244.5 
295.3 
296.4 
296.1 
291.9 
295.8 
Jw/A 
119.3 
119.9 
95.8 
116.9 
82.7 
105.4 
113.3 
99.2 
93.4 
100.5 
98.1 
102.6 
103.3 
103.9 
104.8 
88.7 
<^R 
465.9 
532.1 
515.7 
768.8 
625,0 
803.4 
853.5 
840.5 
854.9 
895.2 
878.0 
929.3 
955.1 
1229.7 
1230.1 
v-14 
Jv/A 
294.3 
286.7 
277.8 
293.8 
287.3 
299.9 
281.9 
272.9 
283.6 
294.5 
278.1 
296.9 
305.7 
316.2 
294.6 
1903.9 303.1 
Jw/A 
110.5 
104.1 
95.7 
102.9 
106.6 
130.8 
105.7 
88.8 
102.2 
104.8 
100.5 
103.9 
117.5 
109.9 
112,7 
98.7 
<^R 
448.9 
491.4 
517.9 
719.6 
722.2 
884,2 
824.6 
795.2 
890.6 
912.8 
896.6 
935.1 
1008.5 
1258.4 
1258.9 
1944,2 
a f (mb) 
554.7±15.2 
687.5 ±16.7 
2018,9±54.5 
108 
Table 4.2.2 (a): 
Normalization constants obtained from a best fit to the 40.0 MeV proton scattering data 
for the two microscopic (HJ and v-I4) optical model potentials. 
Target 
^"Si 
^''Ca 
"Fe 
*«Ni 
**'Co 
""Ni 
'«Zn 
^"Zr 
'•"'Sn 
"^»Pb 
A-y 
I.0I8 
1.003 
0.924 
0.925 
0.963 
0.813 
1.013 
0.960 
0.931 
0.849 
^w 
0.700 
0.650 
0.600 
0.650 
0.659 
0.796 
0.922 
0.663 
1.026 
0.700 
HJ 
1" 
1.199 
1,322 
1.292 
0.978 
1.019 
0.900 
1.236 
1.302 
1.412 
0.850 
X^IDF 
58.4 
86.4 
86.4 
105.8 
71.3 
135.8 
60.7 
67.8 
56.0 
173.3 
A,y 
MAI 
0.S81 
0.813 
0.847 
0.870 
0.805 
0.922 
0.869 
0.875 
0.769 
^w 
0.700 
0.650 
0.634 
0.728 
0.773 
0.744 
0.999 
0.753 
0.925 
0.877 
v-14 
1.200 
1.082 
1.154 
1.023 
1.089 
0.907 
1.359 
1.134 
1.024 
0.951 
X'IDF 
20.1 
31-9 
45.0 
58.0 
36.2 
59.6 
39.4 
38.9 
54.4 
101.391 
Table 4.2.2(b): 
Calculated volume integrals, Jy/A of the real and Jw/A of the imaginary parts of the 
microscopic optical model potentials (HJ, v-14) and the total reaction crj^(mb) of protons at 
40.0 MeV. 
Target 
^«Si 
*^^ Ca 
**Fe 
^«Ni 
*^Co 
«^i 
"Zn 
^Zr 
'^"Sn 
^ ^ P b 
HJ 
Jv/A 
367.8 
382.9 
325.6 
330.5 
334.4 
294.3 
368.9 
355.3 
348.5 
351.8 
Jw/A 
124.5 
123.4 
90.1 
98.8 
98,6 
123.5 
147.4 
102.9 
157.5 
116,0 
^ R 
719.2 
955.4 
932.4 
1017.5 
1023.6 
1104.1 
1282.7 
1357.9 
1696.8 
2116.1 
v-14 
Jv/A 
370.9 
364.3 
314.5 
331.7 
332.8 
318.4 
367.8 
352.4 
359.3 
345.0 
Jw/A 
104.9 
102.7 
82.0 
94.8 
99.2 
98.6 
135.1 
98.6 
119.8 
119,5 
<^R 
665.0 
872.9 
891.5 
1001.2 
1023.8 
1037.4 
1256.9 
1338.7 
1631.3 
2109.5 
cr,^(mb) 
653.0119.0 
807.0116.9 
856.0137.0 
955.0134.0 
1042.0152.0 
982.0142.0 
1230.0154.0 
1316.0165.0 
1618.0173.0 
2023.01100.0 
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Table 4.2.3 (a): 
Normalization constants obtained from a best fit to the 30.3 MeV proton scattering 
data for the two microscopic (HJ and v-14) optical model potentials. 
Target 
"^Si 
•""Ca 
"Fe 
»'Fe 
»«Ni 
*^ Co 
«^i 
'^ »Sn 
""Pb 
HJ 
^y 'V 
0.997 • 0.700 
0.999 
1.003 
0.942 
0.929 
0.999 
0.932 
0.927 
0.803 
0.650 
0.700 
0.643 
0.700 
0,711 
0.746 
0.899 
0.726 
1.200 
1.350 
1.300 
1.298 
1.299 
1.349 
1.300 
1.223 
0.945 
Z'/DF 
92.9 
86.5 
206.5 
159.8 
141.9 
171.6 
31.6 
100.3 
v-14 
^^ 
0.885 
0.888 
0.899 
0.858 
0.846 
0.879 
0.844 
0.832 
0.748 
'V 
0.700 
0.669 
0.748 
0.734 
0.749 
0.792 
0.795 
0.961 
0.857 
1.199 
1.397 
1.299 
1.300 
1.235 
1.285 
1.350 
1.300 
1.299 
X^JDF 
50.2 
37.4 
30.1 
66.7 
76.2 
71.9 , 
96.2 
30.2 
74.1 
Table 4.23 (b). 
Calculated volume integrals, Jy/A of the real and Jw/A of the imaginaiy parts of the 
microscopic optical model potentials (HJ, v-14) and the total reaction <T (^mb) of protons at 
30.3 MeV. 
Target 
«^Si 
^^Ca 
^^ Fe 
^^Fe 
«^Ni 
^^ Co 
60Ni 
'2"Sn 
2o«Pb 
HJ 
Jv/A 
401.1 
408.7 
392.2 
376.3 
368.8 
386.1 
374.2 
387.5 
383.2 
Jw/A 
129.7 
114.6 
106.3 
107.7 
107.2 
108.0 
116.7 
134.7 
114.97 
<^R 
801.8 
958.9 
1066.9 
1126.9 
1109.9 
1119.1 
1162.8 
1653.2 
2037.8 
V.14 
Jy/A 
383.4 
388.4 
382.9 
371.9 
364.8 
370.8 
368.4 
380.6 
380.7 
Jw/A 
108.2 
99.6 
97.7 
103.4 
98.2 
103.1 
105,9 
124.2 
113.1 
<^R 
739.1 
903.18 
1035.9 
1109.5 
1079.9 
1101.9 
1131.9 
1641.3 
2010.8 
<Tf"(mb) 
739.0±21.0 
880.0±26.0 
1026.0±22.0 
1055.0±24.0 
1058.0±16.0 
1078.0±28.0 
n08.0±19.0 
1661,0±31.0 
1862.0±41.0 
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Figure 4.2.1 (a) 
28 p- Si Elastic Scattering 
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Figure 4.2.1 (a)' 
28 p- Si Elastic Scattering 
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Figure 4.2.1 (b) 
40 p- Ca Elastic Scattering 
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Figure 4.2.1 (b)' 
40 p- Ca Elastic Scattering 
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Figure 4.2.1 (c) 
58 p- Ni Elastic Scattering 
E = 40.0 MeV 
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Figure 4.2.1(c)' 
58 p- Ni Elastic Scattering 
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Figure 4.2.1(d) 
90 p- Zr Elastic Scattering 
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Figure 4.2.1(d)' 
90 p- Zr Elastic Scattering 
'*c.m (Degrees) 
^ 
Ep= 100.4 MeV 
/ • 
t M » M 4> W 
Km (Degrees) 
• » it 
e^ n. (Degrees) 
e^^ (Degrees) 
Ej,= 134.8 MeV 
e^„ (Degrees) 
K^ (Degrees) 
e^„ (Degrees) 
118 
Figure 4.2.1 (e) 
208 p- Pb Elastic Scattering 
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Figure 4.2.1 (e)' 
208 P'Pb Elastic Scattering 
• 
. , - v ^ 
' t -TT-
, 
• axpU. data 
HJ 
mf-
v-14 
• T — t • 1 ' • t - ^ T • 1 ' 1 • 
E = 30.3 MeV 
p 
ft 
'• \ \ // \\ j 
ft 
i \X 
, 
1.0. 
OS. 
M). 
•O.B. 
-1.0. 
•IS-
" • r ' • ' < ~ 
— ^ ^ 
• » ''• 
f 
\ 'T 
'•1 
Ep 
A f 
\ ; 
i ; 
= 40.0 MeV 
• 
\ W? 1/ 
\ ii f l /•' 
\\J V( 
\ i ; 
-
100 1>0 
1.0-
-as-
-10-
•f.S-
I 
O.BI 
H 1 
\ i 
\l 
V 
r 1 
1 • 
160.0 MeV 
1 
A 
1 
1 
. j • 
1 
'/ \ / \ 
\J V'/ 
10 20 w 40 50 ao 
E = 182.0 MeV 
p 
Kn, (Degrees) 
120 
Figure 4.2.2 (a) 
Real Volume Integral per Nucleon J^A using v-14 Potential 
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Figure 4.2.2 (a)' 
Real Volume Integral J^A using HJ internucleon potential 
600-, 
460-
400 
360 
^ 0 0 
2B0-
200 
160-
100-
"• 1 • 1 • 1 • 1 —' 1 • f - ' T ' 1 " ' I ' 
(b) p-'°Ca 
\ 
\ 
X,^ ^^  
^ \ ^ ^ 
^» 
Zi 40 80 80 100 120 140 160 1«0 200 220 20 40 60 80 100 120 140 160 180 200 
Energy (MeV) Energy (MeV) 
400-
60 100 160 
Energy (MeV) 200 20 40 60 80 100 120 140 160 180 200 Energy (MeV) 
40 60 80 100 120 140 160 180 200 
Energy (MeV) 
122 
Figure 4.2.2 (b) 
Imaginary Volume Integral J^A using v-14 potential 
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Figure 4.2.2 (b)' 
Imaginary Volume Integral J^A using HJ internucleon potentia 
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Figure 4.2.3 (a) 
Mean Square Radius using v-14 Potential 
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r-igure 4.z.j ^a; 
Mean Square Radius using l-IJ Potential 
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Figure 4.3.1(a) I 
proton Elastic scattering at energy 65.0 MeV 
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Figure 4.3.1(a) II 
proton Elastic scattering at energy 65.0 MeV 
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Figure 4.3.1 (a') 
proton Elastic scattoring at energy 65.0 MeV 
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Figure 4.3.1(a') II 
proton Elastic scattering at energy 65.0 IMeV 
0^„ (Degrees) 
« ' 20 40 60 10 
K^ (Degrees) 
20 40 W U 
e,^ (Degrees) 
t Q » 3 0 4 Q U 6 Q T Q 10 2 0 U 4 0 8 0 6 Q 7 0 
K^ (Degrees) e^ (Degrees) 
20 40 
9^^ (Degrees) 
20 40 
K^ (Degrees) 
60 
20 40 60 
®t» (Degrees) 
130 
proton Elastic scattering at energy 40.0 MeV 
i 
M* 
«' 
W 
W* 
26/ p-^Si 
K* 
'y^ N . ^ 
• EHP«.OWI 
Hi 
M « « H 1W U l I M 
e.m (Degrees) 
N a « M 100 1M m 1M 1M 
e ^ (Degrees) 
w 
p-"Fe 
j \ if %t 1 
11 
M « W 
• 
• 
W H* 11 
9^„ (Degrees) 
«• 
10'' 
«* 
p->i 
a.-; 
w* 
«*4-_—^—^—^ 
v^  
o H 4 a w i o i o e m i 4 o t « i ( e « ) B w « i W i o o i » i « M i i M M M W H W I I O U I I M I M 
«cm (Degrees) e^^ (Degrees) e^„ (Degrees) 
«•, • , , • . , , •—, W-—f, , , , - _ , , r^-, l i". 
«* 
r 
^ 1 0 ' 
• 8 * 
10-
lp-"Zr 
Vi 
• 
• 
T v ^ /^ 
0 M M W W too »a 1«* 1W 1H 0 30 «0 00 M 100 110 1M 1W lot 0 M M 00 M WO 1M 1« 1« I N 
'^ cn, (Degrees) ^^^ (Degrees) e^^ (Degrees) 
0 x w w a D i e g u a M O H O u o 
».m (Degrees) 
131 
Figure 4.3.1(b') 
proton Elastic scattering at energy 40.0 MeV 
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Figure 4,3-1(c) 
proton Elastic Scattering at 30.3 MeV 
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Figure 4.3.1 (c') 
p- Elastic Scattering at 30.3 IVIeV 
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Figure 4.3.2 (a-c) 
MSR Mass Number Dependence 
using v-14 interaction 
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Figure 4.3.2(a'-c*) 
MSR Mass Number Dependence 
using IHJ interaction 
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Chapter 5 
\.y^Ck^^^i^ 
(5.1) INTRODUCTION 
In this chapter we present the results of our study concerning the isospin dependence of 
the microscopic proton-nucleus optical potential as well as its energy dependence. We 
have chosen Sn (A= 112-124) and Zr (76-110) isotopes as targets for which extensive 
data for proton scattering are available at several energies. Further both sets of isotopes 
have also been analyzed empirically as well as microscopically by several authors [1-5]. 
We have analyzed the proton scattering from Sn isotopes at 39.6 and 49.35 MeV [4, 5] 
and from Zr isotopes at 49.35 MeV [5]. 
In order to calculate the optical potential in first order Brueckner theory we require 
realistic intemucleon potential and point proton and neutron densities in the target nuclei. 
We have used only the soft core Urbana v-14 internucleon potential [6] for the results 
presented in this chapter. 
As pointed out by Amos et al. [1] for nuclei above S-D shell, mean field models are more 
reliable sources of density distribution. For both Sn and Zr isotopes we have used the 
RMF densities as in ref. [7]. 
The rms matter radii for protons and neutrons in both (Sn und Zr) isotopes show that the 
neutron skin increases as we add more neutron in the isotope. Our results for Sn isotopes 
are in very close agreement with the densities used by Terashima et al. [8]. 
Using the above two inputs (densities and intemucleon potential) we can calculate the 
microscopic optical potential for all isotopes considered here. The method of calculation 
has been described in detail in chapter 3. 
One motivation for the present study is the following. As suggested by Lane [3], the 
proton optical potential has a term Vi (N-Z)/A. It is important not only for proton 
137 
scattering but also for studying isobaric analogue states in (p, n) reactions to have reliable 
information concerning the strength of coefficient of (N-Z)/A term i.e. Vi, in the proton 
optical potential. Several empirical analyses have come out with a range of values for Vj 
[9-12]. P. E. Hodgson [12] has compiled results from several sources and discussed the 
uncertainties associated with the determination of Vi. We have calculated this term 
microscopically for Sn isotopes at the two energies considered here. Due to anomalous 
behavior of densities in Zr isotopes, this type of analyses (to extract Vi) is possible only 
for a limited number of Zr (90-96) isotopes. 
B. L. Cohen [13] et al and recently Schiffer et al. [14] have found (for the bound state 
case) that the nuclear spin-orbit potential weakens as more and more neutrons are added 
in a nucleus. This result has important consequence for the shell model level sequence. 
Since for higher i values the data for spin-orbit doublets is inaccessible in the same 
nucleus, the splitting may be studied by comparing the -energies of ^-1/2 shell, that is 
pushed up in energy (e.g. %-^a or hg^ ) with those of (^ + 1+1/2) state from the next 
oscillator shell (e.g. \i\\a or iuyj). For this reason they [14] chose Sn isotopes. Their 
conclusion is an unmistakable decrease in the nuclear spin-orbit potential with an 
increase of neutron excess. In order to see whether this eifect persists at positive energies 
we have made a detailed analyses of spin-orbit potential and analyzing power data for 
both Sn and Zr isotopes. 
We have used the RMF point proton and neutron densities (section 5.2) as discussed 
above to calculate the local optical potential using Urbana soft vore intemucleon potential 
in first order Brueckner theory for all isotopes considered in the present work. Hemalatha 
et al. [7] have also used the same RMF densities to calculate optical potential for 
describing the scattering of protons from Zr isotopes at 49.35 MeV. However ref, [7] uses 
the extended Jeukenne, Lejeune and Mahaux (JLM) model [15, 16] to calculate the 
optical potential. In this approach one has to add the spin-orbit part of the potential from 
outside. 
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In section (5.3) we discuss the results for Sn isotopes. Without adjusting any parameter, 
of our calculated potential we are able to obtain fairly good agreement with both p-Sn 
(112-124) differential cross section and polarization data at the two energies. Our results 
are comparable to those of Amos et al. (see Figures 14-17 of ref. [1]) who have used a 
non local microscopic optical potential. Our calculated spin-orbit potential and its volume 
integral show that the spin-orbit potential decreases with increase of neutron excess in the 
Sn isotopes, a result in satisfactory agreement with [14]. 
Section (5.4) describes our estimation of the symmetry term for the Sn isotopes at both 
energies considered here. 
The results of Zr (76-110) isotopes are described in section (5.5). Although we have 
analyzed the available data for Zr isotopes at other energies (22.5, 65, 104, 160,180 and 
200 MeV), we only discuss the results of our analyses at 49.35 MeV. The results at other 
energies show similar behavior. As found by Hemalatha et al. [7] the proton aftd neutron 
densities of Zr isotopes show anomalous behavior. Specially the decrease of rms radii 
around "Zr and a rapid rise as we go from '*Zr to '^ '^ 'Zr. We have used the same densities 
for Zr isotopes as in ref. [7]. However it is important to note that the effect of anomalous 
behavior of densities Is reflected in the volume integrals of both the real and imaginary 
parts of the calculated optical potential and also in the sudden changes in the reaction 
cross-section. Thus the potentials are sensitively dependent on the densities used, a fact 
also emphasized in reJ's. [1, 17]. Hence the microscopic potentials can be used to test the 
reliability of densities in the target nuclei as shown by S. Karataglidis et al. [17] for '^'Ca 
and ^ °*Pb nuclei. 
In section (5.5) we also show our results for the spin-orbit potential for Zr (76-110) 
isotopes, its volume integral and analyzing power. We find that the spin-orbit potential 
decreases as neutron excess increases in the Zr isotopes also, a result consistent with our 
study of Sn isotopes (section 5.3) and with ref. [14]. Finally in section (5.6) we present 
our conclusions. 
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(5.2) RMF Densities: 
For both Sn (112-124) and Zr (76-110) isotopes we have used the RMF densities [7]. The 
method of calculation is described in detail in ref. [7]. In Figure (5.2.1) we show the root 
mean square radii for proton and neutron distribution in all isotopes considered in the 
present work. In the upper part of Figure (5.2.1) we have shown the variation of 
<r^>p'^and <r^ >'/^for Sn (112-124) isotopes. We note that the value of 
<r >n gradually increases with neutron excess while <r > essentially remains 
constant. Our values are very close to those of Terashima et al. (see Figure (14) and (16) 
of ref. [8]). where they also quote results from various sources. The neutron skin in "^Sn 
is 0.1280 fin and increases to 0.2922 fm in '^ ^Sn, a result close to that of ref. [8]. Thus we 
feel the densities used by us are reliable. This is important in view of the finding by 
Karataglidis et al. [17] who have shown that the elastic scattering results can be used to 
discriminate various structure models and get reliable information about neutron skin in 
neutron rich nuclei. 
In the lower part of Figure (5.2.1) we have shown the corresponding values of 
< r^  >p ^  and < r^ >[,'^  for Zr (76-110) isotopes. The RMF densities used by us are same 
as Hemalatha et al. [7] (as shown in Figure (5) of ref [7]). It is important to note that the 
nns radii for Zr isotopes show anomalous behavior of a sudden decrease from *^ Zr to *^ Zr 
and a rapid increase from *^Zr to "'"'Zr. These features are reflected in the volume 
integrals of the calculated central real part of the optical potential (as discussed in section 
5.3). 
(5.3) Proton Scattering from Sn (112-124) isotopes: 
In this section we present our results of analyzing proton differential elastic scattering 
and polarization data from Sn (112-124) isotopes at two energies (39.6 and 49.35 MeV). 
The method of calculating different parts of the microscopic optical potential is described 
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in detail in chapter 3, The calculated potential is used to predict the differential elastic 
scattering and polarization data for the scattering of protons at both energies. 
(5.3.1) Elastic Scattering and Polarization: 
Figure 5.3.1 (a) and (b) show the predictions of our calculated potential for the 
differential elastic scattering polarization of protons from Sn (112-124) isotopes at 39.6 
MeV. Further, Figure 5.3.1 (a)' shows the corresponding results for the same set of 
isotopes at 49.35 MeV. The Figures show that our predictions are in fair agreement with 
the data for all seven Sn isotopes at both energies. 
The same set of data has also been analyzed by Amos et al. [1]. Figures (14*17) of ref [1] 
show that our results are very similar. Further it is important to mention that we are able 
to obtain a much better agreement with the data if we slightly reduce the strength of the 
calculated central imaginary potential (i.e. use X^ ,^ =0.85 for all targets). The x /DF are 
reduced by a factor of 2. This is a well known result that the imaginary part of the 
calculated optical potential is larger than that required by the experimental data [16, 18, 
19]. 
(5.3.2) Spin-Orbit Potential: 
It has been found that the nuclear single particle spin orbit potential weakens as neutron 
excess increases in a nucleus. This has important consequence for the level sequence of 
shell model states. In order to investigate this, Schiffer et al. [14] has chosen to study the 
level sequence of Sn isotopes where spin-orbit splitting may be studied by comparing the 
energies of ^-1/2 member of the highest lvalue state of an oscillator shell with those 
of the ^ +1 +1 / 2 member of the next oscillator shell. They have shown for both protons 
and neutrons that the single particle spin-orbit potential decreases as neutron excess 
increases in Sn isotopes. Motivated from this resuh we ha^e investigated the changes m 
the spin-orbit potential and its effect on polarization data for the calculated proton optical 
potential for Sn-isotopes at the two poshive energies (39.6 and 49.35 MeV). 
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Figures 5.3.2 (a) shows tlie calculated real spin orbit potential, Vso(r), at 39.6 and 49.35 
MeV. To get a clear picture we have plotted the potential only for four isotopes. We see 
that at both energies the peak value of the spin-orbit potential decreases as we go from 
Sn to **Sn. Wc observe the same result for Zr isotopes as discussed in section 5.5. 
Further Figure 5,3.2 (b) show the volume integral per nucleon which also decreases as 
neutron excess increases. Further we show in Figure 5.3.2 (c) the variation of the 
polarization Ay(e) at first minima and first maxima. As a consequence of the decrease in 
spin-orbit potential, the value Ay(e) decreases gently as we go from "^Sn to '^ '*Sn. 
(5.4) Volume Integral and Isospin Dependence: 
In Figure 5.4.1 (a) we show the volume integrals (from which the coulomb effect has 
been subtracted Eq. (5)) of the calculated microscopic real potentials at the two energies 
for Sn isotopes. 
In section (5.2) we have shown that the microscopic optical potential calculated by us 
gives a fairly satisfactory representation of the elastic scattering and analyzing power data 
for all seven " '^'^ '*Sn isotopes of Sn at 39.6 and 49.35 MeV. Hence h provides a good 
opportunity to study the isospin dependence of the microscopic optical potential and 
compare our results with other empirical analysis. 
In the following we briefly describe our procedure to extract (N-2)/A dependence of the 
real optical potential. The procedure followed is similar to the one used in ref [10]. 
Lane [3] has shown that the depth of the real proton-nucleus optical potential can be 
written as: 
V = V o + V , ^ + V^ -..(1) 
A 
where Vi is the strength of the isospin potential. Assuming a linear energy dependence of 
Vo: Vo (E) = Vo (0) + y E. where E is the kinetic energy of the incident proton and 
142 
y = -0.3, Percy [11] estimated the magnitude of the coulomb correction term to be: 
— Z 
Vc = 0.4——. Thus the depth of the real optical potential can be written as 
/ \ 
N - 7 7 
A A'^' 
Our results in chapter (3) show that the radial shape of the microscopically calculated real 
part of the optical potential is non-Saxon Wood. Hence in order to compare our results 
with the empirical potentials (which are generally Saxon-Woods) we calculate the 
volume integrals and adopt the following procedure to extract the (N-Z)/A dependence of 
our microscopically calculated real potential. 
We define the volume integral J as: 
J H j47cV(r)rMr. 
where V (r) is the real part of the optical model potential. For a Saxon-Woods radial form 
(VQ: depth, Ro: radius and a: diffuseness) a fairly good approximation [10] for J (to orders 
(a/Rf) is 
Using equation (1) for the depth, the real part can be written as 
V(r) = v... .-i , .„ffi^ f(r). 
where f(r) is generally chosen as Saxon-Woods form factor. 
Writing in terms of the volume integrals 
4n J\'(r)r2dr = Vg + 0 . 4 - ^ + V, " ^ ^ ^ J 4 « f (r)r^dr 
J' J v - 0 . 4 - ^ |f(r)d^r = V o ^ V . i ^ | | f ( r ) d ^ ']/' (2) 
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Since \f(r)d'rA^A 1 + mi. 
K ^0 y 
(3) 
1/3 Using eq. (3) and Ro= ro A % and dividing the whole equation by A 
Jv ''A - 0.4 ^ '^^0 
A t / 3 
1 + 7ta 
R 0 ; 
4nr. 
° 3 1 + 
na, ^ 
^ ^ 0 / 
+ V. 
(N - Z) 47ir; 
1 + 
(4) 
To get a rough estimate of the radial dependent terms we take the following values of ro 
andao [10]: 
ro= 1.220 fm, 
ao = 0.795 fin. 
The error in choosing these values for ro and ao is expected to be small. 
Equation (4) can then be written as: 
j^/A-y,=c+i^i:^x. 
or. Y= C + 
A 
(Af-Z) X , (5) 
where y, =0.4 ^^ 3 """ 
1 ^ 0 
and Y= Jv/A-yj 
The right hand side of equation (5) can be written as the straight line equation with (N-
Z)/A as the independent variable. We calculate yi (volume integral of the coulomb 
correction term) for each Sn isotope and the calculated value of volimie integral per 
nucleon Jy/A from our microscopic potential model. Thus the left hand side, denoted as 
Y is known for each isotope and is plotted in Figure 5.4.1 (a). 
A least square fit to equation (5) gives us: 
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Y = 341.189+ 139,6.49 (N-Z) (6) 
Thus the volume integral of the isospin term: 
.3 47rr„ 
X=V, ^ I 1 + 
/ ^2 
k l 39.6.49 
Using same values of ao, ro (using A=l 18 to calculate Ro = roA"3, the mean value for Sn 
isotopes considered here) we get: 
Vi = 17.26 MeV 
Adopting the same procedure as above for p-Sn (112-124) scattering at 49.35 MeV, we 
obtain 
{N-Z) 
Y = 334.04 +100.02 • (7) 
This gives us 
V, = 12.29 MeV 
Thus we find that the value of symmetry term in the microscopic optical potential 
decreases with energy as also found in ref. [20]. These values for Vi are smaller than the 
empirical results [12]. 
(5.5) Proton Scattering From ^^"^Zr: 
Recently Hemalatha et al. [7] have analyzed the proton scattering from Zr (76-100) 
isotopes using MOM [16, 19] and discussed in detail the anomalous behavior of its 
isotopes. We have analyzed the same set of data using our microscopic optical potential 
and the RMF densities as used in ref. [7]. 
Figure 5.5.1 (a) and (b) shows the predictions of our calculated optical potential for the 
scattering of 49.35 MeV protons. We note that the agreement with the experimental data 
is satisfactory for both differential elastic cross section and polarization. Thus our 
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calculated potential is a satisfactory representation of single particle proton optical 
potential for Zr isotopes at 49.35 MeV. 
Figures 5.5.1 (c) shows the volume integral per nucleon Jv/A, Jw/A of the calculated real 
and imaginary central potential. It is important to note that both these volume integrals 
show the non-uniform behavior with increasing (N-Z)/A, as found in the rms radii 
(Figure 5.2.1) and also discussed by Hemalatha et al. [7]. Further the reaction cross 
section data, shown in Fig. (5.5.1 (d)) also reflects the sudden changes of densities. Thus 
the scattering observables are a sensitive function of the point proton and neutron 
densities as also found in ref. [17], 
In subsection 5.3.2 we have discussed that the proton nucleus single particle spin orbit 
potential decreases with an increase of neutron excess for "^ "'^ ^Sn isotopes. We 
investigate this behavior for p-Zr (isotopes) at 49.35 MeV. 
Figure 5.5.2 (a) shows that the peak value of the calculated spin-orbit potential decreases 
as we go from ^Zr to ^^Zr. Though we have plotted Wso W only for five isotopes, the 
trend persists for all '^"°Zr isotopes. Further Figure 5.5.2 (b) shows that the volume 
integral per nucleon, Jvso/A also decreases as (N-Z)/A increases. 
The magnitude of polarization at first minima and first maxima (shown in Figure 5.5.2 
(c)) shows that the effect of decreasing spin-orbit potential. 
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(5.6) Conclusions: 
We have shown that the predictions of our calculated microscopic optical potential are in 
reasonable agreement with experimental data of proton elastic scattering from both Sn 
and Zr isotopes. Further we have shown that the calculated optical potential depends 
sensitively on the point proton and neutron density distribution in the target. Hence 
scattering data can be used as an additional tool to check the reliability of neutron skin in 
neutron rich nuclei. Another important result of our analysis is that the p-nucleus spin-
orbit potential decreases as (N-Z)/A increases not only for bound states but at positive 
energies also. We have also been able to obtain the estimate of the (N-Z)/A dependent 
term in the proton-nucleus optical potential though our values are smaller than those in 
ref.[I2]. 
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Figure Captions: 
Figure 5.2.1 
The mean square radius of the proton distributions and the neutron distributions using v-
14 interaction, (a) for p-"^-'^ *Sn (b) for p-''^"^ Zr. 
Figure 5.3.1 (a) 
Microscopic optical model predictions of p-" '^'^ '*Sn elastic differential scattering cross -
section from "^" Sn, using Urbana v-I4 inter-nucleon interaction. 
Figure 5.3.1(b) 
Predictions of analyzing Power for proton elastic scattering from Sn isotopes, using 
Urbana v-14 interaction at 39.6 MeV. 
Figure 5.3.1 (a)' 
Same as Figure 5.3.1 (a) except at 49.35 MeV. 
Figure 5.3.2 (a) 
Real part of the spin-orbit potential Vso (r) as a function of radial distance (r) for Sn 
isotopes chain at 39.6 and 49.35 MeV. 
Figure 5.3.2 (b) 
(N-Z)/A dependence of volume integral per nucleon of real part of calculated spin orbit 
optical potential (Jvso/A) for p - ' '^ "'^ ^Sn, using v-14 interaction at 39.6 and 49,35 MeV. 
Figure 53.2 (c) 
The magnitudes of analyzing power corresponding to the angle of the first minima and 
the first maxima, A.y, for p-"^ "'^ '*Sn scattering as a function of mass number of Sn 
isotopes at 39.6 and 49.35 MeV. 
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Figure 5.4.1 (a) 
(N-Z)/A dependence of volume integral per nucleon of real part of calculated central 
.3 
optical potential ((Jv/A)-yi), where y j =0.4 —^ Anvf 
3 3 
1 + 
/• ^ 2 
Tiao 
R 
112-124 for p - " Sn, using v-14 interaction is shown at 39.6 and 49.35 MeV. 
Figure 5.5.1 (a) 
Same as for Figure 53.1 (a) but for p- ^^ '^ Z^r at 49.35 MeV. 
Figure 5.5.1(b) 
Same as for Figure 5.3.1 (b) but for p-^ *^ ^^ Zr at 49.35 MeV. 
Figure 5.5.1 (c) 
(N-Z)/A dependence of volume integral per nucleon of both real and imaginary part of 
calculated central optical potential ((Jv/A)-yi and Jw/A) for p - ^ '^"^Zr, using v-14 
interaction is shown at 49.35 MeV, 
Figure 5.5.1(d) 
Reaction cross-section for the p-Sn (112-124) elastic scattering at 49.35 MeV using v-14 
intemucleon potential. 
Figure 5.5.2 (a) 
Real part of the spin-orbit potential Vso (r) as a function of radial distance (r) for Zr 
isotopes chain at 49.35 MeV. 
Figure 5.5.2(b) 
(N-Z)/A dependence of volume integral per nucleon of real part of calculated spin orbit 
optical potential (Jvso/A) for p - '^ '^"^Zr, using v-14 interaction at 49.35 MeV. 
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Figure 5.5.2 (c) 
The magnitude of analyzing power corresponding to the angle of the first minima and the 
first maxima for p-^ '^"°Zr scattering as a function of mass number at 49.35 MeV. 
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Figure 5.3.1 (b) 
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Figure 5.3.1 (a)' 
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Figure 5.4.1 (a) 
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Figure 5.5.1 (a) 
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Figure 5.5.2 (b) 
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Figure 5.5.1 (c) 
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Figure 5.5.2 (a) 
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Figure 5.5.2 (b) 
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Figure 5.5.2 (c) 
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